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Common waterhemp is the most troublesome weed in the midwestern United
States. Growers from Nebraska reported failure to control common waterhemp following
sequential applications of glyphosate in glyphosate-tolerant corn and soybean, which led
to moderate to severe yield loss; justifying the need to confirm resistance and study the
biology and management of common waterhemp. The objectives of this research were: 1)
to confirm the presence of glyphosate-resistant (GR) common waterhemp biotypes in
Nebraska and to evaluate their sensitivity to herbicides belonging to alternative sites-ofaction; 2) to evaluate the response of common waterhemp to water stress; 3) to quantify
pollen-mediated gene flow from GR common waterhemp under field conditions; and 4)
to evaluate different herbicide programs for season-long control of glyphosate-resistant
common waterhemp in glyphosate-tolerant soybean. Greenhouse dose-response studies
conducted to evaluate the response of suspected GR common waterhemp biotypes
collected from seven eastern Nebraska counties (Antelope, Dodge, Fillmore, Lancaster,
Pawnee, Seward, and Washington) revealed that the biotypes were 3- to 39-fold resistant
to glyphosate. The GR biotypes also showed a reduced sensitivity to acetolactate
synthase (ALS)-inhibiting herbicides (chlorimuron-ethyl, imazamox, imazaquin,
imazethapyr, and thifensulfuron-methyl). Experiments conducted to evaluate the response

of common waterhemp to water stress suggested that degree and duration of water stress
can adversely affect the growth and seed production of common waterhemp. Highest
plant height (≥ 150 cm), growth index (≥ 3.8 × 105 cm3), and seed production (> 34,000
seeds plant-1) were recorded with 100% pot water content applied at 2-d intervals. Pollenmediated gene flow studies from GR to GS biotypes were conducted under field
conditions using a Nelder wheel design. Frequency of gene flow was found to be highest
(up to 0.77) at the closer distances (0 to 0.1 m); whereas gene flow frequency declined by
50% at < 2.5 m and 90% at distances < 90 m from the pollen source. Field experiments
conducted for management of GR common waterhemp in soybean showed that
preemergenece (PRE) followed by postemergence (POST) herbicide programs with
multiple sites-of-action provided season-long control of GR common waterhemp and
resulted in the highest soybean yield compared to the POST-only herbicide programs.
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CHAPTER 1

INTRODUCTION AND OBJECTIVES
Introduction

Arable weed infestation is the major biotic factor behind crop losses (34% globally).
Depending on the competitive ability of the crop species, yield losses can reach up to
80%, if weeds remain uncontrolled (Oerke 2006). In the United States, weed infestation
costs more than $26 billion annually on average (Pimentel et al. 2000). Additionally, the
evolution of herbicide-resistant weeds has become the greatest challenge for agricultural
production systems, primarily in row crop production fields (Norsworthy et al. 2012).
Application of herbicides to suppress ‘unwanted’ plant species is not a new concept in
crop and fiber production systems (Kishore et al. 1992), but the extensive use of the same
herbicide(s) has resulted in the evolution of herbicide-resistant weeds (Preston and
Powles 2002). Since the first report of herbicide-resistant (Photosystem II inhibitorresistant) common groundsel (Senecio vulgaris L.) in 1968, the number of herbicideresistant weeds has increased rapidly (Délye et al. 2013; Ryan 1970). Globally, 249 weed
species have been confirmed resistant to 22 (of the 25) known sites-of-action and to a
total of more than 150 herbicides (Heap 2016a). Important factors influencing the
evolution of herbicide-resistant weeds are gene mutation, the presence of herbicide
resistance alleles, selection pressure, and gene flow (Jasieniuk et al. 1996).
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Glyphosate-Resistant Weeds. Glyphosate, a broad-spectrum non-selective POST
herbicide, was first commercialized in 1974 (Franz et al. 1997). The glyphosate label lists
over 100 annual broadleaf and grass weeds and almost 60 perennial weed species that can
be controlled by its use (Anonymous 2012). It is the only commercially available
herbicide that inhibits the enzyme 5-enolpyruvylshikimate-3-phosphate synthase
(EPSPS) in the shikimate pathway, resulting in insufficient aromatic amino acid
production for maintaining necessary protein synthesis (Herrmann and Weaver 1999).
Due to selectivity issues, glyphosate was initially used for preplant, POST-directed, or
post-harvest application to croplands (Green 2009); however, the use of glyphosate
changed dramatically after 1996 with the commercialization of glyphosate-tolerant crops,
especially in the United States, Argentina, Brazil, and Canada (Brookes and Barfoot
2015; Dill et al. 2008). It has been reported that 85% of all transgenic crops grown
worldwide are tolerant to glyphosate (James 2014). In 2015, 94% of soybean and 89% of
corn grown in the United States were herbicide-tolerant, primarily to glyphosate (USDA
2015). Widespread adoption of glyphosate-tolerant crops has increased farmers’ reliance
on glyphosate for weed management, replacing residual and other POST herbicides
(Brookes and Barfoot 2015; Gianessi 2008; Young 2006). Consequently, glyphosate is
the most commonly used herbicide globally (Dill et al. 2010; Duke and Powles 2008;
Okada and Jasieniuk 2014; Powles 2008).
Indiscriminate use of glyphosate for the last 20 years has resulted in the evolution
of glyphosate-resistant weeds in row-crop production systems (Heap 2014; Powles 2008).
By 2016, 34 weed species had evolved resistance to glyphosate in 26 countries
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worldwide, including 15 species confirmed in the United States (Heap 2016a). The first
glyphosate-resistant weed reported in the United States was horseweed [Conyza
canadensis (L.) Cronq.] in 2000; it was also the first broadleaf species in the world
reported resistant to glyphosate (VanGessel 2001). An increasing number of glyphosateresistant weeds is a major threat to sustainable crop production in the midwestern United
States.

Common Waterhemp Biology. Common waterhemp (Amaranthus rudis Sauer) is a
summer annual broadleaf species that has become the most problematic weed in
glyphosate-tolerant crop production systems in the Midwest over the last 10 years (Bell et
al. 2013). Glyphosate-tolerant crop technology encouraged no-till or conservation tillage
practices where weed control is primarily based on the application of herbicides
(Coffman and Frank 1991; Gianessi 2005; Jhala et al. 2014; Norsworthy et al. 2012).
Intensive use of glyphosate-based herbicide programs is believed to have aided in weed
community shifts towards the prevalence of small-seeded broadleaf weed species such as
common waterhemp (Culpepper 2006; Legleiter and Bradley 2008; Owen 2008). Refsell
and Hartzler (2009) reported that common waterhemp emergence was three times higher
under no-till conditions compared to chisel-till cultivation.
Common waterhemp has an extended period of emergence and can emerge late in
the growing season in the midwestern United States (Werle et al. 2014). The later
emerging common waterhemp plants may not be able to provide enough competition to
cause crop yield loss, but they can produce sufficient seeds to increase the soil seedbank
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for the next several years (Steckel and Sprague 2004b). It has been reported that under
optimal growing conditions, a female common waterhemp plant can produce more than a
million seeds (Steckel et al. 2003). Moreover, a long-term seed longevity study
conducted in Nebraska showed that in tall waterhemp [Amaranthus tuberculatus (Moq.)
J. D. Sauer], a closely related species to common waterhemp, 1-3% of seeds can remain
viable up to 17 yr buried in soil at a 20 cm depth (Burnside et al. 1996). Favorable
biological attributes of common waterhemp, including its vigorous growth habit (Horak
and Loughin 2000) and rapid evolution of herbicide resistance (Tranel et al. 2011) listed
this weed as the most encountered and troublesome weed in agricultural fields in the
Midwest (Prince et al. 2012; Rosenbaum and Bradley 2013; Sarangi et al. 2015b).

Interference and Crop Yield Loss. Common waterhemp is a highly competitive weed
species that competes with crops for light, water, and nutrients and therefore, has a
negative impact on crop yield. Bensch et al. (2003) reported that common waterhemp can
reduce 56% of soybean yield when density was 8 plants m-1 of crop row. Early season
competition from common waterhemp is detrimental for crops; Hager et al. (2002)
revealed that soybean yield can be reduced by 43% when common waterhemp plants
were allowed to compete up to 10 wk after soybean unifoliate expansion with a density of
89 to 362 plants m-2. In Illinois, season-long interference of common waterhemp reduced
corn yield by 74% (Steckel and Sprague 2004a). Similarly, Feltner et al. (1969) reported
that three tall waterhemp plants m-1 grain sorghum row can reduce 45% of sorghum yield
when allowed to compete for 10 wk.
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Herbicide Resistance in Common Waterhemp. Common waterhemp is a dioecious
species, and the rapid evolution of herbicide resistance in common waterhemp is partially
due to the presence of high genetic diversity within the species and its high potential for
gene flow (Liu et al. 2012; Sarangi et al. 2015a). The first occurrence of glyphosateresistant common waterhemp was reported by Legleiter and Bradley (2008) from
Missouri, and resistance has now been confirmed in 18 states (Heap 2016b). In addition,
common waterhemp biotypes resistant to acetolactate synthase (ALS) inhibitors (Horak
and Peterson 1995), photosystem II inhibitors (Anderson et al. 1996),
protoporphyrinogen oxidase (PPO) inhibitors (Shoup et al. 2003), 4hydroxyphenylpyruvate dioxygenase (HPPD) inhibitors (Hausman et al. 2011), and
synthetic auxins (Bernards et al. 2012) have already been confirmed in the United States.
Recently, a single common waterhemp biotype from Illinois was shown to possess
resistance to herbicides belonging to four distinct sites-of-action, including ALS-,
EPSPS-, PPO-, and PS II-inhibiting herbicides (Bell et al. 2013). Multiple herbicide
resistance has also been reported in Iowa, Kansas, Minnesota, Missouri, and Nebraska
(Heap 2016b; Legleiter and Bradley 2008; Patzoldt et al. 2005; Sarangi et al. 2015b).

Potential for Gene Flow and Interspecific Hybridization in Common Waterhemp.
Dioecious nature of common waterhemp allowed this species to readily outcross with the
same or other Amaranthus species. Liu et al. (2012) reported that common waterhemp
pollen can travel up to 800 m downwind, so it is expected that herbicide-resistant
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common waterhemp can transfer the resistance traits via pollen-mediated gene flow
under field conditions. The rapid dispersal of herbicide-resistant traits may pose a great
challenge to managing this problem weed at a landscape level.
Literature suggested that common waterhemp has the potential to hybridize with
other closely related Amaranthus species. Trucco et al. (2009) suggested that interspecific
hybridization in common waterhemp is unidirectional or there could be a very low level
of gene flow from common waterhemp to other related species. The mean frequency of
hybridization between waterhemp and smooth pigweed (Amaranthus hybridus L.) varied
between 0.4 to 2.3% when waterhemp plants were used as males (Trucco et al. 2005a),
whereas another field study suggested that the chances for hybridization may increase up
to 33% when common waterhemp plants were used as females (Trucco et al. 2005b).
Several studies also confirmed that interspecific hybridization between common
waterhemp and Palmer amaranth (Amaranthus palmeri S. Wats) occurred at very low
levels (≤ 1%) (Franssen et al. 2001; Gaines et al. 2012; Trucco et al. 2007). Interspecific
hybridization can influence the fitness of hybrids, and the resulting offspring can
sometimes be even more fit than one or both parents (Abbott 1992; Barton 2001).
Hybridization among Amaranthus species could have detrimental effect in row-crop
production system, and that will make the management of herbicide resistant weeds
difficult in arable crop production systems.

Management of Herbicide-Resistant Common Waterhemp. The evolution of common
waterhemp resistant to herbicides belonging to different sites-of-action makes it difficult
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to control this weed species in row crops, as there are very few effective POST herbicide
options available for controlling multiple herbicide-resistant common waterhemp,
specifically in soybean. PRE herbicides are considered the key to controlling common
waterhemp in row crops (Patton 2013).
Extended emergence pattern of common waterhemp requires a sequential
herbicide program to control later-emerging common waterhemp plants in the field.
Moreover, PRE herbicides, including acetochlor, alachlor, and pyroxasulfone, have a
limited period of residual activity in soil, causing POST herbicide applications to be
important later in the season (Jhala et al. 2015; Knezevic et al. 2009; Sarangi et al.
2015c). Legleiter et al. (2009) reported that PRE applications of sulfentrazone, or Smetolachlor plus metribuzin, provided up to 95% control of glyphosate-resistant common
waterhemp only when treatments were followed by glyphosate plus lactofen or
acifluorfen as POST. Schuster and Smeda (2007) reported that PRE followed by POST
herbicide programs can result in ≥ 95% control of common waterhemp in soybean.
Similarly, Soltani et al. (2009) reported that isoxaflutole plus atrazine (PRE) followed by
dicamba, or dicamba plus atrazine, or mesotrione plus atrazine provided more than 95%
control of common waterhemp throughout the growing season in corn.
PPO-inhibiting herbicides (acifluorfen, fomesafen, and lactofen) are commonly
used POST in soybean to control glyphosate-resistant common waterhemp and provided
effective control when sufficient herbicide coverage and appropriate weed growth stages
were ensured (Aulakh et al. 2016; Mayo et al. 1995; Sarangi et al. 2015b). However,
PPO-inhibiting herbicide-resistant common waterhemp has been confirmed in a Kansas
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soybean field, and was subsequently confirmed in Illinois, Indiana, Iowa, Minnesota, and
Missouri (Heap 2016b; Shoup et al. 2003). Therefore, it is very important to develop
effective herbicide options that include PRE fb POST herbicides with different sites-ofaction.
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Objectives
Growers from the eastern part of Nebraska have reported increasing infestations and
control failures of common waterhemp over the past several years in glyphosate-resistant
corn and soybean fields. So, there was a need to confirm the presence of glyphosateresistant common waterhemp in the state as well as to quantify the level of resistance in
suspected glyphosate-resistant biotypes so that the biology and management of this
problem weed could be studied. Therefore, the objectives of this research were: 1) to
confirm the presence of glyphosate-resistant common waterhemp biotypes in Nebraska
and to evaluate their reduced sensitivity to herbicides belonging to other sites-of-action if
present; 2) to evaluate the response of common waterhemp to degree and duration of
water stress; 3) to quantify pollen-mediated gene flow from glyphosate-resistant to susceptible common waterhemp under field conditions; and 4) to evaluate different
herbicide programs for season-long control of glyphosate-resistant common waterhemp
in glyphosate-tolerant soybean. The projects were logically divided into three major
groups: (1) Identify the problem: confirm the existence of glyphosate-resistant common
waterhemp in Nebraska, (2) Understand the biology of the problem weed: evaluate the
ecophysiology of common waterhemp under water stress, along with experiments on the
pollen-mediated dispersal of the glyphosate-resistant trait under field conditions, and (3)
Manage the problem species: evaluate the herbicide options to make recommendations
for growers to control the problem species effectively in glyphosate-tolerant soybean.
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CHAPTER 2

CONFIRMATION AND CONTROL OF GLYPHOSATE-RESISTANT COMMON
WATERHEMP (Amaranthus rudis) IN NEBRASKA
This chapter is published: Sarangi D, Sandell LD, Knezevic SZ, Aulakh JS, Lindquist JL,
Irmak S, Jhala AJ (2015). Confirmation and control of glyphosate-resistant common
waterhemp (Amaranthus rudis) in Nebraska. Weed Technology 29:82–92.
Abstract
Glyphosate-resistant common waterhemp is a difficult-to-control annual broadleaf weed
that has become a serious management challenge for growers in Nebraska and other
states in the Midwest. The objectives of this study were to confirm glyphosate-resistant
common waterhemp in Nebraska by quantifying level of resistance in a dose-response
study, and to determine the sensitivity and efficacy of POST soybean herbicides for
controlling suspected glyphosate-resistant common waterhemp biotypes. Seeds of
suspected glyphosate-resistant common waterhemp biotypes were collected from seven
eastern Nebraska counties. Greenhouse dose-response experiments were conducted to
evaluate the response of common waterhemp biotypes to nine rates of glyphosate (0 to
16×). Common waterhemp biotypes were 3- to 39-fold more resistant to glyphosate
depending on the biotype being investigated and the susceptible biotype used for
comparison. Results of the POST soybean herbicides efficacy experiment suggested that
glyphosate-resistant biotypes, except a biotype from Pawnee County, had reduced
sensitivity to acetolactate synthase (ALS)–inhibiting herbicides (chlorimuron-ethyl,
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imazamox, imazaquin, imazethapyr, and thifensulfuron-methyl). Glufosinate and
protoporphyrinogen oxidase (PPO)–inhibiting herbicides (acifluorfen, fluthiacet-methyl,
fomesafen, and lactofen) provided ≥ 80% control of glyphosate-resistant common
waterhemp at 21 d after treatment (DAT). This study confirmed the first occurrence of
glyphosate-resistant common waterhemp in Nebraska, and also revealed reduced
sensitivity to ALS-inhibiting herbicides in most of the biotypes tested in this study.
Introduction
Common waterhemp (Amaranthus rudis Sauer) is a summer annual weed native to the
northern United States (Bryson and DeFelice 2010) that can be found in a large range of
climatic gradients from arid regions in Texas to humid/semihumid Maine (Nordby et al.
2007). It is one of the most commonly encountered and troublesome weeds in no-till
agricultural fields in the midwestern United States (Hager et al. 2002; Steckel and
Sprague 2004). Widespread adoption of conservation tillage and evolution of herbicide
resistance are believed to aid in shifting the composition of weed flora toward smallseeded broadleaf species such as common waterhemp in corn (Zea mays L.)–soybean
[Glycine max (L.) Merr.] production systems (Hausman et al. 2011; Legleiter and
Bradley 2008).
Overreliance on glyphosate for the past several years has created a selective
advantage responsible for the evolution of glyphosate-resistant weeds. As of 2016, 34
weed species have evolved resistance to glyphosate in 26 countries around the world
(Heap 2016). In the United States, 15 weed species have been confirmed resistant to
glyphosate (Heap 2016). The first glyphosate-resistant common waterhemp in the United
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States was confirmed in Missouri (Legleiter and Bradley 2008), but now glyphosateresistant waterhemp biotypes occur across 18 states (Heap 2016).
Failure to control common waterhemp following sequential glyphosate
applications has been reported in recent years by several Nebraska growers, justifying the
need to confirm the existence of glyphosate-resistant common waterhemp in Nebraska.
This information would be beneficial in developing effective common waterhemp
management programs for soybean growers. The objectives of this study were to (1)
confirm glyphosate-resistant common waterhemp in Nebraska by quantifying the level of
resistance in a dose-response study, and (2) evaluate the sensitivity and efficacy of POST
soybean herbicides to control suspected glyphosate-resistant biotypes collected from
seven Nebraska counties.
Materials and Methods
Plant Materials. In 2012, growers from several counties in eastern Nebraska reported
failure to control common waterhemp following repeated applications of glyphosate in
glyphosate-tolerant soybean. The fields in question had been under glyphosate-tolerant
corn or soybean production for at least 8 yr, mostly relying on glyphosate for weed
control. In the fall of 2012, inflorescences of common waterhemp plants that survived
repeated glyphosate applications were collected from the fields in seven eastern Nebraska
counties (Antelope, Dodge, Fillmore, Lancaster, Pawnee, Seward, and Washington) and
were suspected to be glyphosate-resistant biotypes (Figure 2.1). Common waterhemp
seeds collected in 2006 from a field near Clay Center, NE, and in 2012 from a field near
Lincoln, NE, with a known history of effective control with the recommended rate of
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glyphosate were considered as glyphosate-susceptible biotypes: susceptible 1 (S1) and
susceptible 2 (S2), respectively (Figure 2.1).
Seeds were cleaned thoroughly and stored separately in airtight polythene bags at
4 C for 2 mo to overcome seed dormancy. Seeds were germinated in plastic petri dishes
(9 cm diam by 1.7-cm deep) containing one piece of water-soaked Whatman No. 4 filter
paper (GE Healthcare UK Limited, Amersham Place Little Chalfont, Buckinghamshire,
HP7 9NA, U.K.). The petri dishes were closed with lids to check water loss through
evaporation and prevent microbial contamination. They were kept in a greenhouse; and
seedlings began to emerge after 5 to 6 d of incubation. The seedlings were allowed to
grow in petri dishes for the next 10 d and were watered as needed. The seedlings were
then transferred at cotyledon stage to germination trays containing potting mix (Berger
BM1 All-Purpose Mix, Berger Peat Moss Ltd., Saint-Modeste, Quebec, Canada) by
transplanting one seedling per cell. Seedlings were transplanted at the first-true leaf stage
to square plastic pots (10 by 10 by 12 cm) containing a 3:1 mixture of potting mix to soil.
Plants were supplied with adequate water and nutrients and kept in a greenhouse
maintained at 28/24 C day/night temperatures. Artificial lighting was provided using
metal halide lamps with 600 μmol photon m−2 s−1 light intensity to ensure a 16-h
photoperiod.

Glyphosate Dose-Response Study. Greenhouse dose-response bioassays were
conducted in 2012 and 2013 at the University of Nebraska–Lincoln to determine the level
of resistance in suspected glyphosate-resistant biotypes. The experiments were arranged
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in a randomized complete block design with seven replications. Separate experiments
were conducted for each biotype. A single common waterhemp plant per pot was
considered as an experimental unit. Glyphosate (Touchdown HiTech®, Syngenta Crop
Protection, LLC, P.O. Box 18300, Greensboro, NC 27419-8300) treatments included nine
rates (0, 0.125×, 0.25×, 0.5×, 1×, 2×, 4×, 8×, and 16×), where, 1× = recommended field
rate of glyphosate (1,050 g ae ha−1). The 8- to 12-cm-tall common waterhemp seedlings
were treated with glyphosate treatments in a single-tip chamber sprayer (DeVries
Manufacturing Corp, Hollandale, MN 56045) fitted with an 8001 E nozzle (TeeJet,
Spraying Systems Co., Wheaton, IL 60187) calibrated to deliver 140 L ha−1 spray volume
at 207 kPa at a speed of 4 km h−1. Each glyphosate treatment was prepared in distilled
water and mixed with nonionic surfactant (Induce, Helena Chemical Co., Collierville,
TN) 0.25% v/v and ammonium sulfate (DSM Chemicals North America Inc., Augusta,
GA) 2.5% wt/v.
Visual control estimates were recorded at 7, 14, and 21 d after treatment (DAT)
using a scale ranging from 0 to 100%, with 0% meaning no control and 100% meaning
complete death or control of common waterhemp. Percentage of control was assessed on
the basis of chlorosis, necrosis, and stunting in plant height compared with nontreated
control plants. Aboveground biomass of each waterhemp plant was harvested at 21 DAT
and oven-dried at 65 C until it reached a constant weight. The biomass data were
converted into percentage of biomass reduction as compared to the nontreated control
(Wortman 2014) as

 
% biomass reduction   C  B  / C  100
 


[1]
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where C is the mean biomass of the seven nontreated control replicates, and B is the
biomass of an individual treated experimental unit.
A four-parameter log-logistic function (Equation 2) was used to determine the
effective doses needed to control each common waterhemp biotype by 50 and 90% (ED50
and ED90) using the drc (drc 2.3, Christian Ritz and Jens Strebig, R 3.1.0, Kurt Hornik,
online) package in software R (R statistical software, R Foundation for Statistical
Computing, Vienna, Austria) (Knezevic et al. 2007):





Y  c  d  c /1 exp b  log x  log e 

[2]

In this model, Y is the percentage of visual control or percentage of reduction in
biomass, c is the lower limit, d is the upper limit, and e represents the ED50 and ED90
values. The parameter b is the relative slope around the parameter e. The level of
resistance was determined by the ratio of ED90 value of the suspected resistant and known
glyphosate-susceptible biotypes (S1 and S2). When the ED90 values were variable for S1
and S2, a range of resistance level was provided.

Efficacy of POST Soybean Herbicides. The efficacy of POST soybean herbicides was
evaluated for control of common waterhemp biotypes. Treatments included registered
POST soybean herbicides and their tank-mixes (Table 2.1). The study was conducted in
greenhouses at the University of Nebraska–Lincoln under the same growing conditions as
described in the dose-response study. Herbicide application rates were selected based on
recommended labeled rates in soybean. Herbicides were applied to 8- to 12-cm-tall
common waterhemp plants. Visual control estimates were recorded at 7, 14, and 21 DAT
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on a scale of 0 to 100%, as described in the dose-response study. Plants were cut at the
soil surface at 21 DAT and oven-dried at 65 C until a constant biomass was achieved;
biomass weight was then recorded. Percentage of biomass reduction of treated plants was
calculated using Equation 1.
Glyphosate-resistant common waterhemp biotypes from five eastern Nebraska
counties (Dodge, Lancaster, Pawnee, Seward, and Washington) and a glyphosatesusceptible biotype (S1) of common waterhemp, collected from a field near Lincoln, NE,
were selected for this experiment. Due to poor seed germination and insufficient number
of plants, Antelope and Fillmore County biotypes were not included in this study. The
experiment was conducted separately for each biotype in a randomized complete block
design with four replications. Each experiment was repeated twice.
Data were subjected to ANOVA using the PROC GLIMMIX procedure in SAS
version 9.3 (SAS Institute Inc, Cary, NC). Before analysis, data were tested for normality
with the use of PROC UNIVARIATE. Visual control estimates and percent biomass
reduction data were arcsine square-root transformed before analysis. However, backtransformed data are presented with mean separation based on transformed data. Where
the ANOVA indicated treatment effects were significant, means were separated at P <
0.05 using Fisher’s protected LSD test.
Results and Discussion
Glyphosate Dose-Response Study. There was not a significant treatment-by-experiment
interaction. Therefore, data from both experiments were combined. Suspected
glyphosate-resistant biotypes from seven Nebraska counties survived the labeled rate
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(1,050 g ae ha−1) of glyphosate, whereas known glyphosate-susceptible biotypes (S1 and
S2) were controlled (> 90%) at that rate (Figure 2.2 and 2.4). On the basis of ED90 values,
the analysis showed a 3- to 39-fold resistance in common waterhemp depending on the
biotype being investigated and the susceptible biotype used for comparison (Table 2.2).
Legleiter and Bradley (2008) reported 9- to 19- fold resistance in common waterhemp
biotype from Missouri. A comparatively low level of resistance (≤ 10×) was observed in
a biotype from Antelope and Fillmore Counties, while higher levels of resistance (> 10×)
was observed in biotypes from Dodge, Lancaster, Pawnee, Seward, and Washington
Counties with ED90 values ranging from 10,403 to > 16,800 g ae ha−1 (Table 2.2).
Similarly, Light et al. (2011) reported the variability in level of resistance (3.5- to 59.7fold) in common waterhemp biotypes from Texas and described that the differences in
dose of herbicide required to control different biotypes up to a certain level might be due
to their parental genotype and cross-pollination, as common waterhemp is a dioecious
species and the seeds might come from open-pollinated parents of probable heterozygous
origin.
Variability in visual estimates of control among all the resistant biotypes were
found at elevated glyphosate rates (> 4,000 g ae ha−1) (Figures 2.2 and 2.3). A similar
response in glyphosate-resistant common waterhemp biotypes collected from Illinois,
Iowa, and Missouri has been reported (Smith and Hallett 2006). Dose-response curves for
the percentage of biomass reduction showed a similar level of resistance on the basis of
ED90 values (Figure 2.3; Table 2.3). The ED50 for percentage of biomass reduction of
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glyphosate-resistant biotypes was slightly higher than the estimated ED50 values for
visual control estimates (Tables 2.2 and 2.3).

Efficacy of POST Soybean Herbicides. There was not a significant treatment-byexperiment interaction for common waterhemp control and biomass reduction; therefore,
data from both experiments were combined. Glyphosate-resistant biotypes were sensitive
(≥ 90% control) to PPO-inhibiting herbicides, including acifluorfen, fomesafen, and
lactofen applied alone or in tank-mixes with glyphosate or ALS inhibitors (Tables 2.4 and
2.5). A similar response was observed with the glyphosate-susceptible biotypes.
Fluthiacet-methyl provided 90% control of glyphosate-resistant common waterhemp
biotypes, but glyphosate-susceptible biotypes were less sensitive and resulted in < 56%
control at 21 DAT (Tables 2.4 and 2.5). Jhala et al. (2014) reported that fluthiacet-methyl
is usually not very effective on Amaranthus species. Therefore, a variable response can
be expected. However, shoot regrowth was observed at 21 DAT in most of the plants
treated with PPO inhibitors (data not shown).
Most common waterhemp biotypes tested in this study had reduced sensitivity to
ALS-inhibiting herbicides, which could be attributed to the predominance of ALS
inhibitor–resistant common waterhemp in the Midwest due to heavy reliance on
herbicides of this chemistry in the past (Heap 2016). However, a dose-response study is
required to quantify level of resistance to ALS inhibitors in common waterhemp biotypes
tested in this study. Reduced sensitivity of common waterhemp to different groups of
herbicides is not a new phenomenon in the Midwest. For example, Horak and Peterson
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(1995) reported an eight-fold resistance to ALS inhibitors in two common waterhemp
biotypes in Kansas. Lovell et al. (1996) found a 490-fold resistance to ALS inhibitors in
common waterhemp biotypes from the same counties in Kansas. Additionally, multipleherbicide–resistant common waterhemp has been reported in Illinois, Iowa, Kansas,
Minnesota, and Missouri (Bell et al. 2013; Foes et al. 1998; Heap 2016a; Legleiter and
Bradley 2008; Patzoldt et al. 2005; Shoup et al. 2003).
Glufosinate provided ≥ 82% control of glyphosate-resistant as well as susceptible
common waterhemp biotypes with biomass reduction varying from 67 to 93% at 21 DAT
(Tables 2.4 and 2.5). A recent study in Nebraska reported 99% control of glyphosateresistant giant ragweed (Ambrosia trifida L.) in glufosinate-tolerant soybean when 2,4-D
was applied preplant followed by PRE and in-crop glufosinate treatments (Kaur et al.
2014). Similarly, Aulakh et al. (2012) reported 84% control of ≤ 10-cm-tall Palmer
amaranth (Amaranthus palmeri S. Watts) with glufosinate in no-till cotton (Gossypium
hirsutum L.). Therefore, integrating glufosinate-tolerant soybean in corn–soybean
cropping systems might be an additional tool for controlling glyphosate-resistant weeds
(Johnson et al. 2014).
This study showed that most of the suspected glyphosate-resistant common
waterhemp biotypes collected from eastern Nebraska counties have a high level of
resistance to glyphosate, as well as reduced sensitivity to ALS-inhibiting herbicides
applied at labeled rates (Figure 2.5). The occurrence of glyphosate-resistant common
waterhemp biotypes will be a significant detriment to corn and soybean producers in
Nebraska. Legleiter et al. (2009) reported that herbicide programs containing PRE
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followed by POST herbicides resulted in greater control of glyphosate-resistant common
waterhemp and reduced weed seed production, and provided the highest soybean yield
and net income. The PPO-inhibiting herbicides resulted in > 90% control of glyphosateresistant biotypes in this study. Although, resistance to PPO inhibitors has not been
confirmed in common waterhemp in Nebraska, repeated use of these herbicides may
result in resistance. In fact, a common waterhemp biotype resistant to ALS inhibitors,
glyphosate, PPO inhibitors, and triazine herbicides has been confirmed in Illinois (Bell et
al. 2013), which leaves no POST soybean herbicide that can effectively control this
biotype in glyphosate-tolerant soybean. Management of glyphosate-resistant common
waterhemp in Nebraska would require long-term integrated strategies such as crop
rotation, rotational use of herbicide-resistant crop technologies, or use of herbicides with
different mechanisms of action, as well as cultural and mechanical methods of weed
control.
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Table 2.1. Details of POST soybean herbicides used for control of common waterhemp biotypes in a greenhouse study conducted at
the University of Nebraska-Lincoln.
Herbicide

Trade name

Fluthiacet-methyl

Cadet

Rate
g ae or ai ha-1
7.2

Chlorimuron-ethyl

Classic

13.1

Imazethapyr + glyphosate
Fomesafen + glyphosate
Lactofen + glyphosate

Thifensulfuron-methyl

Extreme
Flexstar GT
Cobra + Roundup
Powermax
Raptor + Roundup
Powermax
Scepter +
Touchdown Hitech
Harmony SG

Glufosinate
Lactofen
Imazethapyr
Imazethapyr + acifluorfen

Liberty 280
Cobra
Pursuit
Pursuit + Ultra Blazer

594
220
70
70 + 245

Imazamox
Fomesafen
Imazamox + acifluorfen

Raptor
Reflex
Raptor + Ultra Blazer

44
280
44 + 175

Chlorimuron ethyl +
Thifensulfuron-methyl
Imazethapyr + glyphosate
Acifluorfen

Synchrony XP

7.46

Tackle
Ultra Blazer

2,310
420

Imazamox + glyphosate
Imazaquin + glyphosate

910
1,380
140 + 1,540
26.3 + 1,540
70.6 + 1,400
4.4

Manufacturer
FMC Corporation, Philadelphia, PA 19103
E. I. du Pont de Nemours and Company, Wilmington, DE
19898
BASF Corporation, Research Triangle Park, NC 27709
Syngenta Crop Protection, Inc., Greensboro, NC 27419- 8300
Valent U.S.A. Corporation, Walnut Creek, CA 94596-8025 +
Monsanto Company, St. Louis, MO 63167
BASF Corporation, Research Triangle Park, NC 27709 +
Monsanto Company, St. Louis, MO 63167
BASF Corporation, Research Triangle Park, NC 27709 +
Syngenta Crop Protection, Inc., Greensboro, NC 27419- 8300
E. I. du Pont de Nemours and Company, Wilmington, DE
19898
Bayer CropScience LP, Research Triangle Park, NC 27709
Valent U.S.A. Corporation, Walnut Creek, CA 94596-8025
BASF Corporation, Research Triangle Park, NC 27709
BASF Corporation, Research Triangle Park, NC 27709 +
United Phosphorus, Inc. King of Prussia, PA 19406
BASF Corporation, Research Triangle Park, NC 27709
Syngenta Crop Protection, Inc., Greensboro, NC 27419- 8300
BASF Corporation, Research Triangle Park, NC 27709 +
United Phosphorus, Inc. King of Prussia, PA 19406
E. I. du Pont de Nemours and Company, Wilmington, DE
19898
Cheminova, Inc., Research Triangle Park, NC 27709
United Phosphorus, Inc. King of Prussia, PA 19406

Adjuvantsa,b
COC +
AMS
NIS + AMS
NIS + AMS
NIS + AMS
AMS
NIS + AMS
NIS
NIS + AMS
AMS
NIS + AMS
NIS + AMS
NIS + AMS
NIS + AMS
NIS + AMS
NIS + AMS
NIS + AMS
NIS + AMS
NIS + AMS

a

Abbreviations: AMS, ammonium sulfate (DSM Chemicals North America Inc., Augusta, GA); COC, crop oil concentrate (Agridex, Helena Chemical
Co., Collierville, TN); NIS, nonionic surfactant (Induce, Helena Chemical Co., Collierville, TN).
b AMS was mixed at 2.5% wt/v; COC was mixed at 2.5% v/v; NIS was mixed at 0.25% v/v.
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Table 2.2. Estimates of the glyphosate dose in a dose response study resulting in 50% (ED50) and 90% (ED90) control of common
waterhemp biotypes collected from seven eastern Nebraska counties.
Common waterhemp
biotypeb
S1
S2
Antelope
Dodge
Fillmore
Lancaster
Pawnee
Seward
Washington

Glyphosatea
ED50b

ED90b
------------------------g ae ha-1-----------------------263 ± 15
659 ± 90
51 ± 23
956 ± 366
852 ± 98
6,391 ± 1,547
1,246 ± 161
15,582 ± 4,609
303 ± 36
2,419 ± 639
1,790 ± 232
> 16,800
1,308 ± 147
10,403 ± 2,629
1,813 ± 312
> 16,800
1,341 ± 173
> 16,800

Resistance levelc
7 to 10 ×
16 to 24 ×
3 to 4 ×
22 to 32 ×
11 to 16 ×
27 to 39 ×
21 to 30 ×

a

Values represent (mean ± SE) in g ae ha-1.
Abbreviations: ED50, effective dose of glyphosate required to control 50% biotype at 21 days after treatment (DAT); ED90, effective dose of glyphosate
required to control 90% population at 21 DAT; S1, glyphosate- susceptible common waterhemp biotype collected in 2006 from a field near Clay Center,
NE; S2, glyphosate-susceptible common waterhemp biotype collected in 2012 from a field near Lincoln, NE.
c Resistance level at ED value of respective common waterhemp biotype divided by ED value of susceptible biotypes (S and S ). A range of
90
90
1
2
resistance level was provided due to a difference in ED90 values for S1 and S2.
b
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Table 2.3. Estimates of the glyphosate dose resulting in 50% (ED50) and 90% (ED90) reduction in shoot biomass of common
waterhemp biotypes collected from seven eastern Nebraska counties.
Common waterhemp
biotypesb
S1
S2
Antelope
Dodge
Fillmore
Lancaster
Pawnee
Seward
Washington

Glyphosatea
ED50b
ED90b
-1
---------------------g ae ha --------------------283 ± 10
683 ± 65
120 ± 10
986 ± 147
1,051 ± 74
8,198 ± 1,365
2,275 ± 122
13,371 ± 1,700
205 ± 17
3,202 ± 572
2,984 ± 244
> 16,800
2,599 ± 131
11,683 ± 1,372
3,152 ± 220
> 16,800
1,948 ± 129
> 16,800

Resistance levelc
8 to 12 ×
14 to 20 ×
3 to 5 ×
22 to 32 ×
12 to 17 ×
23 to 32 ×
19 to 27 ×

a

Values represent (mean ± SE) in g ae ha-1.
Abbreviations: ED50, effective dose of glyphosate required for 50% reduction in shoot biomass of common waterhemp biotype at 21 days after
treatment (DAT); ED90, effective dose of glyphosate required for 90% reduction in shoot biomass of common waterhemp biotype at 21 DAT; S1,
glyphosate-susceptible common waterhemp biotype collected in 2006 from a field near Clay Center, NE; S2, glyphosate- susceptible common waterhemp
biotype collected in 2012 from a field near Lincoln, NE.
c Resistance level at ED value of respective common waterhemp biotype divided by ED value of susceptible biotypes (S and S ). A range of
90
90
1
2
resistance level was provided due to a difference in ED90 values for S1 and S2.
b
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Table 2.4. Efficacy of POST soybean herbicides for control and biomass reduction of common waterhemp glyphosate-susceptible (S1)
and glyphosate-resistant biotypes from Dodge and Lancaster counties at 21 d after treatment.
Herbicide

Rate
g ae or ai ha-1

Nontreated control
Fluthiacet-methyl
Chlorimuron-ethyl
Imazethapyr + glyphosate
Fomesafen + glyphosate
Lactofen + glyphosate
Imazamox + glyphosate
Imazaquin + glyphosate
Thifensulfuron-methyl
Glufosinate
Lactofen
Imazethapyr
Imazethapyr + acifluorfen
Imazamox
Fomesafen
Imazamox + acifluorfen
Chlorimuron ethyl + Thifensulfuronmethyl
Imazethapyr + glyphosate
Acifluorfen

7.2
13.1
910
1,380
140 + 1,540
26.3 + 1,540
70.6 + 1,400
4.4
594
220
70
70 + 245
44
280
44 + 175

S1a,b,c,d
Dodge a,b,c,d
Lancaster a,b,c,d
Control at
Reduction
Control at Reduction
Control at
Reduction
21 DAT
in biomass
21 DAT
in biomass
21 DAT
in biomass
------------------------------------------------%------------------------------------------------0
0
0
56 h
54 g
91 cd
54 c
92 bc
87 a
2l
2j
13 fgh
26 d
13 de
18 bc
91 cde
87 cde
21 efg
19 def
11 e
14 cd
87 ef
85 de
97 abc
64 bc
98 ab
88 a
90 cde
88 bcde
96 abc
75 b
98 ab
91 a
98 ab
95 a
12 gh
14 ef
18 de
16 bc
95 bc
94 ab
23 ef
21 de
15 de
7d
35 i
33 h
28 e
24 d
12 de
15 bcd
90 cde
85 de
84 d
67 b
82 c
85 a
82 fg
80 ef
97 abc
89 a
95 ab
90 a
9 jk
7i
6h
11 f
17 de
13 cd
89 def
87 cde
94 bc
87 a
98 ab
92 a
17 j
13 i
9h
11 f
12 de
13 cd
78 g
75 f
99 a
88 a
99 a
93 a
88 def
87 cde
98 ab
88 a
99 a
93 a

7.46

4 kl

8i

23 ef

25 d

19 de

15 bcd

2,310
420

99 a
94 cd

92 abc
92 abc

26 e
99 a

25 d
90 a

22 d
99 a

26 b
90 a

a

Abbreviations: S1, glyphosate-susceptible common waterhemp biotype collected in 2006 from a field near Clay Center, NE; DAT, days after treatments.
Data were arc-sine square-root transformed before analysis; however, back-transformed actual mean values are presented based on the interpretation
from the transformed data.
c Means presented within each column with no common letter(s) are significantly different according to Fisher’s Protected LSD test where P ≤ 0.05.
d Percent control data (0%) of nontreated control were not included in the analysis. Reduction in biomass was calculated on the basis of average biomass
of nontreated control.
b
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Table 2.5. Efficacy of POST soybean herbicides for control and biomass reduction of glyphosate-resistant common waterhemp
biotypes from Pawnee, Seward, and Washington counties at 21 d after treatment.
Herbicide

Nontreated control
Fluthiacet-methyl
Chlorimuron ethyl
Imazethapyr + glyphosate
Fomesafen + glyphosate
Lactofen + glyphosate
Imazamox + glyphosate
Imazaquin + glyphosate
Thifensulfuron-methyl
Glufosinate
Lactofen
Imazethapyr
Imazethapyr + acifluorfen
Imazamox
Fomesafen
Imazamox + acifluorfen
Chlorimuron ethyl + Thifensulfuronmethyl
Imazethapyr + glyphosate
Acifluorfen

Rate
g ae or ai ha-1
7.2
13.1
910
1,380
140 + 1,540
26.3 + 1,540
70.6 + 1,400
4.4
594
220
70
70 + 245
44
280
44 + 175

Pawnee a,b,c,d
Seward a,b,c,d
Washington a,b,c,d
Control at
Reduction
Control at Reduction
Control at
Reduction
21 DAT
in biomass
21 DAT
in biomass
21 DAT
in biomass
----------------------------------------------%---------------------------------------------0
0
0
89 cde
87 cdef
92 b
89 a
92 a
91 a
74 fg
72 hi
9 cd
10 c
21 bc
21 bc
95 abc
91 abc
16 c
14 bc
27 bc
27 b
95 abc
91 abc
98 a
91 a
95 a
92 a
95 abc
93 ab
97 ab
89 a
93 a
94 a
77 fg
79 gh
11 cd
18 b
28 b
17 cd
81 efg
82 efg
17 c
12 bc
8d
7e
77 fg
77 ghi
11 cd
9 cd
21 bc
21 bc
92 bcd
92 abc
91 b
89 a
94 a
93 a
97 ab
88 bcde
95 ab
91 a
96 a
93 a
60 h
57 j
7 cd
10 c
14 cd
12 de
98 a
88 bcde
99 a
91 a
95 a
94 a
84 def
81 fg
4d
4d
7d
8e
97 ab
91 abc
99 a
95 a
97 a
96 a
98 a
95 a
98 a
91 a
95 a
92 a

7.46

72 gh

69 i

11 cd

13 bc

26 bc

23 bc

2,310
420

89 cde
99 a

84 defg
90 abcd

14 c
99 a

13 bc
93 a

25 bc
95 a

28 b
94 a

a

Abbreviations: DAT, days after treatment.
Data were arc-sine square-root transformed before analysis; however, back-transformed actual mean values are presented based on the interpretation
from the transformed data.
c Means presented within each column with no common letter(s) are significantly different according to Fisher’s Protected LSD test where P ≤ 0.05.
d Percent control data (0%) for nontreated control were not included in the analysis. Reduction in biomass was calculated on the basis of average biomass
of nontreated control.
b
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Figure 2.1. Eastern Nebraska counties from where suspected glyphosate-resistant common waterhemp seeds were collected in 2012
(stars). Locations from where known glyphosate-susceptible common waterhemp seeds were collected in 2006 (oval) and in 2012
(triangle).
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B

Figure 2.2. Control of (A) glyphosate-susceptible (S1 and S2) and glyphosate-resistant common waterhemp biotypes from Antelope
and Pawnee counties, and (B) Dodge, Lancaster, Seward, and Washington counties at 21 d after treatment in glyphosate dose-response
bioassay conducted at the University of Nebraska-Lincoln.
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B

Figure 2.3. Biomass reduction (%) of (A) glyphosate-susceptible (S1 and S2) and glyphosate-resistant common waterhemp biotypes
from Antelope and Pawnee counties, and (B) Dodge, Lancaster, Seward, and Washington counties at 21 d after treatment in
glyphosate dose-response bioassay conducted at the University of Nebraska-Lincoln.
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Figure 2.4. Response of glyphosate-resistant common waterhemp biotypes from Dodge County, NE at 21 d after glyphosate
application. 1× rate is the recommended field rate of glyphosate (1,050 g ae ha-1).
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(a)
Nontreated control
Treated:
Imazethapyr
(70.0 g ai ha-1)

Treated:
Imazethapyr
(70.0 g ai ha-1)

Treated:
Chlorimuron-ethyl
(13.1 g ai ha-1)

Nontreated control

(b)
Treated:
Chlorimuron-ethyl
(13.1 g ai ha-1)

Figure 2.5. Glyphosate-resistant common waterhemp biotypes from Dodge County, NE showing multiple- and cross- resistance to the
ALS-inhibiting herbicides. Plants were treated with (a) imazethapyr (chemical family: imidazolinone), and with (b) chlorimuron-ethyl
(chemical family: sulfonylurea).
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CHAPTER 3

EFFECT OF WATER STRESS ON THE GROWTH AND FECUNDITY OF
COMMON WATERHEMP (Amaranthus rudis)
This chapter is published: Sarangi D, Irmak S, Lindquist JL, Knezevic SZ, Jhala AJ
(2016). Effect of water stress on the growth and fecundity of common waterhemp
(Amaranthus rudis). Weed Science 64:42–52.
Abstract
Common waterhemp is one of the most commonly encountered and troublesome weeds
in the midwestern United States. It is well-known that water stress adversely affects crop
growth and yield; however, the effects of water stress on weed growth and seed
production are poorly understood. The objective of this study was to determine the effect
of degree and duration of water stress on growth, development and fecundity of two
common waterhemp biotypes in greenhouse experiments conducted at the University of
Nebraska-Lincoln. No difference was observed in growth, development, and seed
production between two biotypes in response to degree and duration of water stress;
therefore, data were combined. The degree of water stress study included five treatments,
where the amount of water applied to each pot at 2-d interval was equivalent to 100, 75,
50, 25, and 12.5% of pot (soil) water content. The highest plant height (163 cm), number
of leaves (231 plant─1), and growth index (4.4 × 105 cm3) were recorded at 100% of pot
water content (no water stress). Similarly, aboveground biomass, total leaf area, and seed
production reached their maximum at 100% of pot water content treatment, whereas they
were reduced as degree of water stress increased. The study of water stress duration
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included five treatments, where amount of water applied to each pot at 2-, 4-, 6-, 8-, and
10-d interval was equivalent to 100% of pot water content. The highest plant height (150
cm), number of leaves (210 plant─1), and growth index (3.8 × 105 cm3) were observed at
the 2-d interval of water stress, whereas seed production was similar at 2-d (36,549 seeds
plant─1) and 4-d (34,176 seeds plant─1) intervals. This study shows that common
waterhemp has capacity to survive and reproduce even under higher degree and duration
of water stress.
Introduction
Common waterhemp, a C4 species, is a summer annual broadleaf weed native to North
America (Waselkov and Olsen 2014). It is the most problematic and troublesome weed in
row-crop production systems throughout the midwestern United States (Hager et al.
2002; Shoup et al. 2003). Changes in cultural practices and weed management strategies
have helped to increase the crop productivity in the midwestern United States, but these
changes are also believed to aid in the shifting of the weed flora composition and resulted
in the dominance of small-seeded broadleaf weeds, including common waterhemp
(Hausman et al. 2011).
Favorable biological attributes and the rapid evolution of herbicide-resistance
contributed to the dominance of common waterhemp as a successful weed in corn (Zea
mays L.)-soybean (Glycine max L.) production systems. Common waterhemp has a rapid
growth habit with a high biomass production potential. A study conducted in Kansas
revealed that height of common waterhemp increased 0.11 to 0.16 cm per growing degree
day at a relative growth rate of 0.31 g g─1 d─1 (Horak and Loughin 2000). This weed can
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emerge throughout the growing season, starting from mid-May depending on
environmental conditions, making common waterhemp more capable of escaping
herbicide applications (Hartzler et al. 1999). Moreover, it has the potential to produce
over one million seeds per plant under favorable conditions, thus building up a persistent
seed bank in a relatively short period (Steckel et al. 2003, 2007).
Overreliance on glyphosate as the only method for weed control in glyphosateresistant crops has created a selective advantage, resulting in the evolution of glyphosateresistant weeds. Additionally, common waterhemp is a dioecious and wind pollinated
species with a high potential to disseminate herbicide resistant traits via pollen movement
(Liu et al. 2012). The first report of glyphosate-resistant common waterhemp in the
United States was from Missouri (Legleiter and Bradley 2008), but as of 2016, it has
been confirmed in 18 states (Heap 2016), including Nebraska (Sarangi et al. 2015). In
addition, common waterhemp biotypes resistant to other herbicide modes-of-action
herbicides, including acetolactate synthase (ALS)-inhibitors, growth regulators, 4hydroxyphenylpyruvate dioxygenase (HPPD)-inhibitors, and photosystem II-inhibitors
have been confirmed in Nebraska (Bernards et al. 2012; Jhala 2016). Therefore, use of
alternate herbicide tolerant crops, and application of PRE and premix of POST herbicides
are now becoming more common among the growers to control herbicide-resistant
weeds, including common waterhemp in Nebraska (Aulakh and Jhala 2015; Chahal and
Jhala 2015; Chahal et al. 2014; Ganie et al. 2015; Kaur et al. 2014).
Weeds compete with commodity crops for a variety of environmental resources,
including radiation, nutrients, and water. Among them, water is the most limiting factor
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for the optimum crop production in the Great Plains and midwestern United States
(Benjamin and Nielsen 2006). In early and mid-2000s and recently in 2012, many
midwestern states, including Nebraska, experienced a severe drought that had an adverse
effect on crop yields and the economy (Wu et al. 2013). Water deficit can adversely
affect growth and productivity of the crops and associated weed species, though the
outcomes of the competition for water depend on the abilities of the crop and weed
species to survive under water stress conditions (Begg and Turner 1976; Patterson 1995).
The C4 plants, including common waterhemp, usually have higher water use efficiency
(WUE) and seed production potential that allows them to grow successfully in a wide
range of climatic conditions (Long 1999; Lovelli et al. 2010). For example, common
waterhemp can be found in places ranging from the arid regions of Texas to the
humid/sub-humid areas of Maine (Costea et al. 2005; Nordby et al. 2007).
Environmental stresses such as water deficiency prevent plants from achieving the
maximum growth potential set by their genotypes (Patterson 1995). The differences in
responses to water stress for different plant species are due to their diverse phenological
and physiological processes; and also it depends upon climatic conditions, soil, degree
and duration of water stress, and management practices (Irmak et al. 2000). Significant
reductions in growth and seed production in some weed species, including Benghal
dayflower (Commelina benghalensis L.), itchgrass [Rottboellia cochinchinensis (Lour.)
W. D. Clayton], and junglerice (Echinochloa colona L.) have been reported under
different degree and duration of water stress (Chauhan 2013; Chauhan and Johnson 2010;
Webster and Grey 2008). However, availability of limited scientific literature about the
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water use efficiency of Amaranthus species (Liu and Stützel 2002a; 2002b) was the basis
of this study. The objective of this study was to determine the effect of degree and
duration of water stress on the growth and fecundity of common waterhemp.
Materials and Methods
Plant Materials. Seedheads of two different common waterhemp plants were collected
from two soybean fields located at Clay County, and Lancaster County, NE and placed
separately in two paper bags. Seeds were cleaned thoroughly using a seed blower (South
Dakota Seed Blower, Seedburo Equipment Co., 1022 W. Jackson Blvd., Chicago, IL) and
germinated using the procedure described by Sarangi et al. (2015). Seedlings were
transplanted to 72-celled germination trays containing potting mix (Berger BM1 AllPurpose Mix, Berger Peat Moss Ltd., Saint-Modeste, Quebec, Canada) allowing one
common waterhemp seedling per cell. When seedlings reached 8-cm in height, they were
then transplanted into round, free-draining black plastic pots (20-cm diam and 30-cm ht)
containing finely ground soil. Plants were kept in a greenhouse maintained at a 28/24 C
day/night temperature and supplied with adequate water, and 24-8-16 (N-P-K)
commercial plant fertilizer (Miracle-Gro Water Soluble All Purpose Plant Food, Scotts
Miracle-Gro Products Inc., 14111 Scottslawn Road, Marysville, OH 43041) until the
experiment commenced. Metal halide lamps with 600 μmol photon m─2 s─1 light intensity
provided supplemental light in greenhouse to ensure a 16 h photoperiod.

Pot (Soil) Water Content. Soil used in this study was collected from a field near
Lincoln, NE with no history of residual herbicides applied at least in the last five years.
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Air-dried soil was passed through 3-mm sieve to acquire a uniform consistency. The soil
texture was silt-loam with a pH of 6.1, 22% sand, 54% silt, 24% clay, 2.8% organic
matter, and bulk density of 1.4 g cm─3. Each pot was filled with 10 kg of dry soil and pot
(soil) water content was determined by modifying the method described by Steadman et
al. (2004). First, the weight of the pots containing dry soil was measured, then the pots
were watered to saturation and covered with shiny-paper sheets to minimize the
evaporation. They were allowed to freely drain for 36 h, and re-weighed to calculate the
pot water content using the equation,
WC = [(Ww – Wd)/d]

[1]

where Ww is the wet weight of the soil plus pot, Wd is the dry weight of the soil plus pot, d
is the density of water (i.e. 1 g cm─3).

Experimental Setup. A preliminary study was conducted in the greenhouse under the
same growing conditions as described above to determine an effective interval for adding
water to the common waterhemp plants. The study included five treatments at 1-, 2-, 3-,
4-, and 5-d intervals of water stress in a randomized complete block design with six
replications. In each treatment, water was applied at 100% of pot water content. Plant
height, leaves plant─1, and aboveground biomass were measured at 45-d after
transplanting (DAT). Results showed, plants treated with 100% of pot water content at
the 2-d interval resulted in the highest plant height, leaves plant─1, and aboveground
biomass compared to other water stress intervals (data not shown); therefore, 2-d interval
was selected for the water stress study.
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Two separate experiments were conducted for both common waterhemp biotypes
in the greenhouse at the University of Nebraska-Lincoln. The treatments were selected
based on findings of the preliminary study and by modifying the treatments from
available literature on water stress (Chauhan 2013; Chauhan and Johnson 2010, Webster
and Grey 2008). For this study, water stress treatments were initiated at 10 DAT and
continued until plant harvest at 90 DAT.

Degree of Water Stress. Degree of water stress experiment included five water stress
treatments, where the amount of water applied to each pot at 2-d interval was equivalent
to 100%, 75%, 50%, 25%, and 12.5% of pot water content, simulating different degrees
of water stress: no-, light-, moderate-, high-, and severe-water stress, respectively.

Duration of Water Stress. Duration of water stress experiment included treatments of
different durations of water stress at 2-, 4-, 6-, 8-, and 10-d intervals. In each treatment,
amount of water applied was equivalent to 100% of pot water content. Pots from both
experiments (degree and duration of water stress) were arranged in a randomized
complete block design with six replications and experiments were repeated under similar
greenhouse environments.

Data Collection. In both experiments, plant height, leaves plant─1, and growth index
were determined at 10-d intervals until common waterhemp reached maturity. Growth
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index is the quantitative indicator for plant growth rate, and was calculated using the
equation (Dhir and Harkess 2011; Irmak et al. 2004)
GI (cm3) = 3.14*(w/2)2*h

[2]

where w is the width of the plant calculated as an average of two widths, one measured at
the widest point and another at 90º to the first; and h is the plant height measured from
soil surface to the last stem-node at the top.
All the leaves from each individual plant were separated from the stem and total
leaf area was measured at maturity (90 DAT) using a leaf area meter (LI-3100C Area
Meter, LI-COR.Inc. Lincoln, NE). Moreover, aboveground biomass (shoots and leaves)
of each common waterhemp plant was bagged separately at maturity (90 DAT) and the
roots were washed under a gentle flow of water to remove soil particles. Plant parts were
oven-dried at 65 C for 7-d. Aboveground biomass, root biomass, and root-to-shoot ratio
were recorded based on the dry weight of the plant parts. Seeds collected from female
common waterhemp plants were threshed and cleaned in the greenhouse using the
method described by Steckel et al. (2003). The average weight of five samples of 200
seeds from each plant was recorded and total number of seeds plant─1 was calculated.
Additionally, germination percentage of common waterhemp seeds obtained from this
study was calculated by modifying the method described by Gallagher and Cardina
(1998) and Steckel et al. (2003). Two hundred seeds from each female plant were placed
on a piece of moist Whatman No. 4 filter paper (GE Healthcare UK Limited, Amersham
Place Little Chalfont, Buckinghamshire, HP7 9NA, U.K.). Petri dishes were kept in the
greenhouse with lids closed to prevent microbial contamination and to minimize the
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water loss through evaporation. The cumulative germination of common waterhemp
seeds were counted at 15-d interval up to 45-d after starting the germination study. The
percent germination was calculated based on seeds germinated versus number of seeds
planted.

Statistical Analysis. Data were subjected to ANOVA using the PROC GLIMMIX
procedure in SAS (SAS Institute Inc, Cary, NC). Years (experimental runs) and blocks
(nested within year) were considered random effects; whereas biotypes (from Clay
County and Lancaster County, NE) and water stress treatments were considered fixed
effects in the model. A four-parameter log-logistic sigmoid growth function (Equation 3)
was regressed on plant height, leaves plant─1, and growth index using software R (R
statistical software, R Foundation for Statistical Computing, Vienna, Austria) (Knezevic
et al. 2007).





Y  c  d  c /1  exp b  log x  log e 

[3]

In this model, Y is plant height, leaves plant─1, or growth index at time x (DAT); c is the
lower limit considered as 0; d is the estimated maximum plant height or leaf number or
growth index, and e is the time taken to reach 50% of final height, leaf number, or growth
index. The parameter b is relative slope around parameter e. For the data of total leaf
area, biomass, root-to-shoot ratio, seed production, and percent germination, treatment
means were separated at P ≤ 0.05 using Fisher’s protected LSD test and plots were
generated by using SigmaPlot (SigmaPlot 12.0, Systat Software Inc., San Jose, CA).
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Model Goodness of Fit. Root mean square error (RMSE) and modeling efficiency
coefficient (EF) were calculated to test the goodness of fit for the model. They are
commonly used to estimate the model quality (Werle et al. 2014b, 2014c). The RMSE
was calculated based on the equation (Roman et al. 2000)
1/2

1

𝑅𝑀𝑆𝐸 = [𝑛 ∑𝑛𝑖=1(𝑃𝑖 − 𝑂𝑖 )2 ]

[4]

where 𝑃𝑖 is the predicted value, 𝑂𝑖 is the observed value, and 𝑛 is the total number of
observations. Smaller RMSE value means better fit to the model due to closer observed
and predicted values. The evaluation of R2 is an inadequate measure for non-linear
models such as Equation 3, as it is extremely bias to highly parametrized models (Spiess
and Neumeyer 2010); therefore EF, which is different from R2 for having a lower bound,
was calculated (Mayer and Butler 1993):
𝐸𝐹 = 1 − [∑𝑛𝑖=1(𝑂𝑖 − 𝑃𝑖 )2⁄∑𝑛𝑖=1(𝑂𝑖 − 𝑂̅𝑖 )2 ]

[5]

where 𝑂𝑖 is the observed value, and 𝑃𝑖 is the predicted value, 𝑂̅𝑖 is the mean observed
value, and 𝑛 is the total number of observations. Generally, EF value ranges between –∞
and 1; values closer to 1 means more accurate predictions.
Results and Discussion
Common waterhemp biotypes from two Nebraska counties responded similarly (P >
0.05) to degree and duration of water stress. Treatment-by-experiment interaction was not
significant in either study; therefore, data from both biotypes were combined.
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Degree of Water Stress. Degree of water stress influenced growth and fecundity of
common waterhemp. With reduced degree of water stress, common waterhemp plant
height, leaves plant─1, and growth index increased following a log-logistic sigmoid
growth function (Figure 3.1). Maximum plant height (d) estimated by the model was 163
cm when amount of water was equivalent to 100% of pot water content (no water stress),
whereas plant height was reduced to 146 and 115 cm with 75% (light water stress) and
50% (moderate water stress) of pot water content, respectively (Table 3.1). Compared
with 100% of pot water content (no water stress), estimated maximum plant height was
reduced by 43 and 71%, when amount of water added to the plants were 25% (high water
stress) and 12.5% (severe water stress) of pot water content, respectively. Chauhan
(2013) reported that plant height of itchgrass, another C4 weed species, was reduced by
49 and 63% at 25 and 12.5% of pot water content, respectively. Common waterhemp
plants took 31-d (e) to reach at 50% of the estimated maximum plant height with the
treatments of 100% (no water stress) and 75% (light water stress) of pot water content, as
compared with 12-d for 12.5% of pot water content (severe water stress) (Table 3.1). This
is because the plants under severe water stress did not survive 30-d after transplanting
(DAT), resulting in a flat curve for plant height (Figure 3.1a).
The highest number of leaves (231 leaves plant─1) was recorded with 100% of pot
water content treatment (no water stress), whereas increasing level of water stress
decreased the number of leaves plant─1 (Figure 3.1b). Compared to 100% of pot water
content (no water stress), estimated maximum number of leaves plant─1 were reduced by
>30% when applied water was equivalent to ≤ 50% of pot water content (moderate to
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severe water stress) (Table 3.1). Maximum number of leaves estimated by the model was
105 and 47 leaves plant─1 with 25% (high water stress) and 12.5% (severe water stress)
of pot water content, respectively. It took 26- to 30-d to reach 50% of maximum leaves at
25% to 100% of pot water content (high to no water stress) (Table 3.1).
Growth index is the cumulative effect of plant width and plant height (Equation
2). Therefore, the growth index followed a similar pattern as plant height under water
stress conditions. Model-estimated highest growth index (4.4×105 cm3 plant─1) was
observed with the 100% of pot water content (no water stress) treatment, whereas
comparatively lower growth index (≤ 3.1×105 cm3 plant─1) was observed when water was
added at 75% of pot water content (light water stress) or less (Figure 3.1c; Table 3.1).
Compared to the treatment of 100% of pot water content, growth index was reduced by
30, 66, 86, and 93% when amount of applied water was equivalent to 75% (light water
stress), 50% (moderate water stress), 25% (high water stress), and 12.5% (severe water
stress) of pot water content. Based on the estimation, 50% of maximum growth index was
achieved at ≥ 29 DAT under 25 to 100% of pot water content (high to no water stress)
treatments compared to only 19-d under 12.5% of pot water content (severe water stress)
(Table 3.1).
The RMSE values for plant height and number of leaves plant─1 ranged from 7.2
to 31.5 (Table 3.1), indicating a good fit of the model. Roman et al. (2000) reported an
RMSE value of 6.5 to 37.1 during validation of a model to predict emergence of common
lambsquarters (Chenopodium album L.). Most of the EF values for plant height and
leaves plant─1 ranged from 0.75 to 0.90 (Table 3.1); indicating the good fit of the model.
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The EF value for leaves plant─1 under 12.5% of pot water content (severe water stress)
was lower (0.32) compared to other treatments because of more variation in the data set
and flat curves after 30 DAT. The RMSE values for growth index were higher, ranging
from 0.1 × 105 to 0.9 × 105 (Table 3.1). Growth index is an interaction between plant
height and plant width and it may lead to the higher values and variations for the
observed data set. However EF values, ranging from 0.43 to 0.87, showed the goodness
of fit for the predicted model.
The highest aboveground biomass (72 g plant─1) and root biomass (31 g plant─1)
were recorded in plants receiving 100% of pot water content (no water stress); whereas
biomass production was reduced with increasing degrees of water stress (Figure 3.2a and
3.2b), similar to responses reported for itchgrass and junglerice (Chauhan 2013, Chauhan
and Johnson 2010). Compared with 100% of pot water content (no water stress), the
aboveground biomass was reduced by 68 and 79% with 25% (high water stress) and
12.5% (severe water stress) of pot water content, respectively. A higher root-to-shoot
ratio (≥ 0.42) was observed with the treatments of 100% (no water stress) and 75% (light
water stress) of pot water content, whereas the root-to-shoot ratio was the lowest (≤ 0.22)
with high (25% of pot water content) to severe (12.5% of pot water content) water stress
(data not shown). Similarly, Moore and Franklin (2011) reported that root-to-shoot ratio
of Palmer amaranth (Amaranthus palmeri S. Wats.), a closely related species of common
waterhemp, was reduced under water stress compared with drained and flooded
conditions. Total leaf area is dependent on plant growth and the total number of leaves
plant─1. At 90 DAT, common waterhemp plants produced the highest leaf area (3,638

52
cm2 plant─1) with 100% of pot water content (no water stress) treatment, whereas total
leaf area decreased with increasing water stress (Figure 3.2c). Compared to the 100% of
pot water content (no water stress) treatment, total leaf area was reduced by 46 and 67%
at 50% (moderate water stress) and 25% (severe water stress) of pot water content,
respectively. Plants under severe water stress treatment did not survive after 30 DAT.
Seed production declined with increasing degree of water stress (Figure 3.2d).
The highest number of seeds (34,450 seeds plant─1) was produced under 100% of pot
water content (no water stress) as compared with 27,775 seeds plant─1 at 75% of pot
water content (light water stress). Surprisingly, plants receiving moderate and high water
stress were able to produce 10,194 and 4,469 seeds plant─1, respectively. Reduction in
seed production has been reported with increased water stress in itchgrass and junglerice
(Chauhan 2013, Chauhan and Johnson 2010). As expected, no seeds were produced by
the plants under severe water stress, since these plants did not survive more than 30 DAT.

Duration of Water Stress. Duration of water stress had a significant effect on growth
and fecundity of common waterhemp. Similar to the degree of water stress study, a
sigmoidal log-logistic response was observed for common waterhemp plant height,
leaves plant─1, and growth index under different intervals of water stress (Figure 3.3).
The estimated maximum plant height (d) from the model was similar (150 cm) for 2- and
4-d intervals of water stress, while it was reduced to118 cm for 6-d water stress interval
(Table 3.2). Similar responses were observed by Chauhan (2013) in itchgrass, where 1and 3-d intervals of water stress resulted in similar estimated maximum plant height, and
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increasing duration of water stress decreased plant height. Compared to 2-d water stress
interval, maximum plant height was reduced by 25 and 41% at 8- and 10-d interval of
water stress, respectively. Based on the estimation, common waterhemp plants required
32-d (e) to reach 50% of the maximum plant height at 2-d water stress interval and with
4-, 6-, and 8-d intervals, they required 35-d (Figure 3.3a). The number of leaves were
highest (210 leaves plant─1) at 2-d interval of water stress, whereas at 4- and 6-d
intervals, plant produced 204 and 174 leaves plant─1, respectively (Table 3.2). In contrast
with 2-d water stress interval, estimated maximum leaves plant─1 were reduced by 19 and
37% at 8- and 10-d intervals of water stress (Figure 3.3b). The highest growth index (3.8
× 105 cm3 plant─1) was observed at 2-d interval of water stress compared to other
treatments, requiring 29-d to reach the 50% of the estimated maximum growth index
(Figure 3.3c). Compared to the 2-d interval of water stress, growth index was reduced by
13, 58, 61, and 68% at 4-, 6-, 8-, and 10-d intervals, respectively.
The RMSE and EF values for the plant height and leaves plant─1 ranged from 5.4
to 27.3, and 0.77 to 0.97 (Table 3.2), respectively; indicating the good fit of the model.
Werle et al. (2014a) predicted the emergence of winter annual weeds and reported the
RMSE and EF ranging from 13.4 to 23.1 and 0.63 to 0.85, respectively. The RMSE
values for growth index were higher, ranging from 0.2 × 105 to 0.9 × 105 (Table 3.2);
whereas EF values ranged from 0.56 to 0.86. The higher RMSE values for growth index
could be due to the higher numbers and more variations among the observed data set.
The aboveground and root biomass decreased with increasing duration of water
stress (Figure 3.4a and 3.4b). Similarly, Chauhan (2013) reported reduction in itchgrass
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biomass with increasing durations of water stress. The highest aboveground biomass (59
g plant─1) was recorded at 2-d interval of water stress, whereas similar trend was
observed in the root biomass (30 g plant─1). Compared to the 2-d interval of water stress,
aboveground biomass was reduced by 39 and 51% at 8- and 10-d interval, respectively
(Figure 3.4a). Common waterhemp root biomass was sharply reduced with increasing
duration of water stress (Figure 3.4b), but it was similar at 6- and 8-d interval of water
stress. Root-to-shoot ratio was highest (0.51) at 2-d interval of water stress, whereas it
was similar (0.39 to 0.44) at 4- to 8-d intervals (data not shown). At 90 DAT, total leaf
area was similar at 2-d (3,913 cm2 plant─1) and 4-d (3,265 cm2 plant─1) intervals of water
stress (Figure 3.4c). Seed production is the most important characteristic of a weed for
reproduction and survival and increasing duration of water stress usually reduce seed
production (Chauhan 2013). Common waterhemp seed production was highest (34,176 to
36,549 seeds plant─1) at 2- and 4-d intervals of water stress (Figure 3.4d), but was
reduced by 42, 51, and 80% at 6-, 8-, and 10-d intervals of water stress, respectively.
This study revealed that water stress can impact growth and seed production of
common waterhemp (Figure 3.5 and 3.6). Similarly, Moran and Showler (2005) reported
that water stress can reduce shoot height and fresh weight of Palmer amaranth by 31 and
35%, respectively, when 25% of pot water content water was added at 4-d interval.
Reduction in plant root elongation under water stress conditions was reported by
Bengough et al. (2011), mainly due to an increase in mechanical impedance in the dry
soil. Moreover, Masle and Passioura (1987) and Young et al. (1997) reported that root
and shoot growth are correlated and as a result, leaf expansion can be affected by water
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deficit, supporting the response of common waterhemp to water stress observed in this
study. Seed dormancy of certain species plays a key role in developing an effective weed
management strategy. Fenner (1991) reported that water stress during seed development
can affect the germination of subsequent seeds depending on a species’ mechanism of
dormancy. In this study, water stress had no effect on germination of common waterhemp
seeds (data not shown). Similarly, Chauhan and Johnson (2010) reported that junglerice
seed production was reduced sharply with increasing duration of water stress, but with no
effect on seed germination.
Water stress may influence the critical weed free period for different crop species
(Patterson 1995). Weed species that have faster growth rate with high biomass production
ability, and preempt the available growth resources, would be considered as a highly
competitive weed species over other slow growing species (Horak and Loughin 2000).
Results of this study will provide information about biological attributes of common
waterhemp under water stress conditions that can be used to understand and evaluate the
effects of environmental stress on the weed-crop interaction by using a mathematical
model in the future. This information can also be used for developing climate simulation
models to understand the effect of drought on crop and weed species in the future.
Additionally, it is known that efficacy of POST herbicides is reduced under water stress
situations due to less retention and uptake of herbicides by the target plants (Kudsk and
Kristensen 1992). For example, uptake of glyphosate decreased in black nightshade
(Solanum nigrum L.) when plants were under water stress (Ruiter and Meinen 1998).
Therefore, future research should focus on relative competitiveness of common
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waterhemp with different crop species and response to POST herbicides under water
stress conditions.
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Table 3.1. Parameter estimates and goodness of fit (RMSE, and EF)a of the four-parameter log logistic functionb fitted to common
waterhemp plant height, leaves plant─1, and growth index under different degrees of water stress treatments in a greenhouse
experiment conducted in Nebraska.
Pot water content (%)

dc, d

e (days)c

bc
RMSE
EF
Plant height ____________________________________________________________________
163 (11)
31 (3)
-1.8 (0.2)
16.5
0.90
146 (17)
31 (5)
-1.5 (0.3)
18.4
0.82
115 (23)
35 (4)
-1.2 (0.3)
13.8
0.79
93 (14)
33 (4)
-1.1 (0.2)
7.8
0.89
47 (3)
12 (2)
-1.4 (0.4)
7.2
0.78
___________________________________________________________________
Leaves plant─1 ___________________________________________________________________
231 (15)
29 (3)
-2.0 (0.3)
31.5
0.84
185 (12)
26 (2)
-2.0 (0.3)
27.8
0.81
161 (8)
28 (2)
-2.2 (0.3)
18.7
0.88
105 (11)
30 (5)
-1.7 (0.4)
17.2
0.75
47 (3)
11 (2)
-2.4 (1.2)
21.4
0.32
__________________________________________________________________
e, f __________________________________________________________________
Growth index
4.4 (0.2)
31 (2)
-3.1 (0.5)
0.6
0.87
3.1 (0.3)
29 (3)
-3.1 (0.9)
0.9
0.57
1.5 (0.1)
31 (3)
-2.8 (0.7)
0.3
0.69
0.6 (0.06)
31 (4)
-2.9 (1.1)
0.2
0.51
0.3 (0.02)
19 (3)
-2.6 (0.9)
0.1
0.43
____________________________________________________________________

100 (no water stress)
75 (light water stress)
50 (moderate water stress)
25 (high water stress)
12.5 (severe water stress)
100 (no water stress)
75 (light water stress)
50 (moderate water stress)
25 (high water stress)
12.5 (severe water stress)
100 (no water stress)
75 (light water stress)
50 (moderate water stress)
25 (high water stress)
12.5 (severe water stress)
a Abbreviations:
b



RMSE, root mean square error; EF, modelling efficiency coefficient.



Y  c  d  c /1 exp b  log x  log e  ; where, Y is the plant height, leaves plant─1, or growth index at time x (DAT); c is the lower limit considered as

0; d is the estimated maximum plant height or leaf number or growth index, e is the time taken to reach 50% of final height, leaf number, or growth
index, b is the relative slope around the parameter e.
c Values in the parenthesis are standard error of mean.
d the unit of the parameter d is cm, #plant─1, cm3 for the plant height, leaves plant─1, and growth index, respectively.
e Growth index = 3.14*(w/2)2*h; where, w is the width of the plant, and h is the plant height.; f Values presented for d, and RMSE are divided by 105.
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Table 3.2. Parameter estimates and goodness of fit (RMSE, and EF)a of the four-parameter log logistic functionb fitted to common
waterhemp plant height, leaves plant─1, and growth index under different durations of water stress treatments in a greenhouse
experiment conducted in Nebraska.
Duration of water stress
2-d interval
4-d interval
6-d interval
8-d interval
10-d interval
2-d interval
4-d interval
6-d interval
8-d interval
10-d interval
2-d interval
4-d interval
6-d interval
8-d interval
10-d interval

dc, d

e (days)c

bc
RMSE
EF
____________________________________________________________________
____________________________________________________________________
Plant height
150 (9)
32 (3)
-1.7 (0.2)
11.6
0.93
150 (13)
35 (5)
-1.4 (0.2)
11.1
0.92
118 (10)
35 (5)
-1.4 (0.2)
7.9
0.94
113 (7)
35 (3)
-1.4 (0.1)
5.4
0.97
88 (9)
24 (4)
-1.4 (0.3)
10.9
0.83
___________________________________________________________________
Leaves plant─1 ___________________________________________________________________
210 (9)
27 (1)
-2.6 (0.4)
27.3
0.87
204 (10)
30 (2)
-2.2 (0.3)
23.1
0.89
174 (14)
30 (3)
-1.9 (0.3)
25.3
0.81
170 (19)
31 (5)
-1.7 (0.4)
26.9
0.77
133 (9)
25 (3)
-1.7 (0.3)
17.1
0.84
__________________________________________________________________
Growth indexe,f __________________________________________________________________
3.8 (0.2)
29 (2)
-3.4 (0.8)
0.9
0.72
3.3 (0.2)
30 (2)
-3.5 (0.8)
0.8
0.73
1.6 (0.1)
31 (2)
-2.3 (0.3)
0.2
0.86
1.5 (0.1)
31 (4)
-2.7 (0.8)
0.4
0.64
1.2 (0.1)
24 (4)
-2.3 (0.7)
0.4
0.56

a Abbreviations:
b

RMSE, root mean square error; EF, modelling efficiency coefficient.
Y  c  d  c /1 exp b  log x  log e ; where, Y is the plant height, leaves plant─1, or growth index at time x (DAT); c is the lower limit considered as

0; d is the estimated maximum plant height or leaf number or growth index, e is the time taken to reach 50% of final height, leaf number, or growth
index, b is the relative slope around the parameter e.
c Values in the parenthesis are standard error of mean.
d the unit of the parameter d is cm, #plant─1, cm3 for the plant height, leaves plant─1, and growth index, respectively.
e Growth index = 3.14*(w/2)2*h; where, w is the width of the plant, and h is the plant height.; f Values presented for d, and RMSE are divided by 105.
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(a)

(b)

(c)

Figure 3.1. Effect of degree of water stress on (a) height, (b) leaves plant—1, and (c)
growth index of common waterhemp in a greenhouse study conducted in Nebraska,
where 100, 75, 50, 25, and 12.5% pot water content treatments were considered as no-,
light-, moderate-, high-, and severe-water stress, respectively. The arrow at 10 d after
transplanting (DAT) denotes the first day when water stress treatments were imposed.
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Figure 3.2. Effect of degree of water stress on (a) aboveground biomass, (b) root biomass, (c) total leaf area, and (d) seed production
of common waterhemp in a greenhouse study conducted in Nebraska.
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(a)

(b)

(c)

Figure 3.3. Effect of duration of water stress on (a) height, (b) leaves plant─1, and (c)
growth index of common waterhemp in a greenhouse study conducted in Nebraska. The
arrow at 10 d after transplanting (DAT) denotes the first day when water stress treatments
were imposed.
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Figure 3.4. Effect of duration of water stress on (a) aboveground biomass, (b) root biomass, (c) total leaf area, and (d) seed production
of common waterhemp in a greenhouse study conducted in Nebraska.
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Figure 3.5. Effect of degree of water stress on the (a) shoot, and (b) root growth of
common waterhemp in a greenhouse study conducted in Nebraska.
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Figure 3.6. Effect of duration of water stress on the (a) shoot, and (b) root growth of
common waterhemp in a greenhouse study conducted in Nebraska.
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CHAPTER 4

POLLEN-MEDIATED GENE FLOW FROM GLYPHOSATE-RESISTANT
COMMON WATERHEMP (Amaranthus rudis) UNDER FIELD CONDITIONS:
CONSEQUENCES FOR THE DISPERSAL OF RESISTANCE GENES
Abstract
Gene flow is an important component in the evolutionary biology of plants; however, the
importance of gene flow in the spread of herbicide-resistant alleles among similar or
closely related weed species is poorly understood. Field experiments were conducted in
2013 and 2014 at the South Central Agricultural Laboratory (SCAL), Clay Center, NE to
quantify pollen-mediated gene flow (PMGF) from glyphosate-resistant (GR) to susceptible (GS) common waterhemp biotypes using a concentric donor (10 m-diam; 80
sq m)-receptor (80 m × 80 m) design. GR common waterhemp plants were transplanted
in the center pollen-donor area, and the pollen-receptor area was divided into eight
directional blocks (cardinal: N, S, E, and W; ordinal: NE, NW, SE, and SW), where GS
common waterhemp plants were transplanted at specific distances (0.1, 0.5, 1, 3, 4, 5, 10,
15, 20, 25, 35 m for all cardinal and ordinal directions; and additional 45, 50 m for the
ordinal directions) from the pollen source. The glyphosate-resistant trait was used as a
selective marker to quantify the PMGF. A power analysis using binomial probabilities
was performed to determine the minimum sample size required to accept an outcome
without losing the precision of the statistical test. More than 130,000 common waterhemp
plants from the pollen receptor area were screened in this study and 26,199 plants were
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confirmed resistant to glyphosate. The frequency of gene flow data from all distances and
directions were subjected to nonlinear regression using Generalized Nonlinear Model
(gnm) in R, and a double exponential decay model provided the best fit for the data. The
frequency of gene flow was highest (up to 0.77) at the closer distances (from 0 to 0.1 m)
from the pollen source; whereas a relatively low frequency (< 0.1) was observed at the
greater distances (≥ 35 m) investigated in this study. Among all directions, PMGF
declined by 50% (O50) at < 3 m distance from the pollen source, whereas 90% reduction
(O90) was found at < 90 m. EPSPS gene amplification was the glyphosate resistance
mechanism in GR biotype and it was heritable in common waterhemp and can be
transferred via PMGF. The findings from this study are critical to explain the rapid
spread of glyphosate-resistant common waterhemp in the Midwest, and will be helpful in
building simulation models for predicting gene flow at the landscape level.
Introduction
Gene flow refers to the movement of genes and gene complexes into, and their
introduction in, ‘allochthonous (distant) gene pools’ (Endler 1977). It plays an important
role in determining the structure and cohesiveness of the species and population
(Bohonak 1999; Ellstrand 1992; Schaal 1980; Slatkin 1985). Along with gene mutation
and natural selection, gene flow is an evolutionary force for a plant species (Ellstrand
2003; Gressel 2015; Jasieniuk et al. 1996). Andrews (2010) demonstrated that natural
selection, genetic drift, and gene flow do not work in isolation; and the presence of one or
more of these factors in a population leads to violation of the Hardy-Weinberg
assumptions, causing evolution to take place. The spatial restriction of gene dispersal can
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lead to non-random mating that can result in the transformation of a populationsubdivision into ‘genetic neighborhoods’, whereas extensive gene flow at the landscape
scale can promote homogeneity among plant populations (Délye et al. 2010; Levin 1981;
Schaal 1980). Gene flow has occurred since the beginning of plant evolution and has
influenced the genetic diversity, adaptation, and fitness of populations over time
(Andrews 2010; Bagavathiannan and Norsworthy 2014; Ellstrand et al. 1999; Lenormand
2002); but the scientific heeds to this process in recent days are due to the concern
regarding transgene movement from transgenic crops to non-transgenic (conventional)
crops and their wild relatives (Arnaud et al. 2003; Ellstrand 2003; Gressel 2015;
Messeguer et al. 2001; Schmidt and Bothma 2006; Watrud et al. 2004).
Pollen-, seed-, and vegetative propagule-mediated gene flow are the three key
methods for the incorporation of alleles from one population into another. Pollenmediated gene flow (PMGF) influences the genetic variance and frequency of alleles in a
population; thus, it encourages hybridization and introgression (Jasieniuk et al. 1996;
Mallory-Smith et al. 2015). Ellstrand et al. (1999) stated that more than 70% of plant
species were derived from inter-, intraspecific, and intergeneric hybridization. Mostly,
PMGF occurs within a species or between species that are sexually compatible, a process
known as ‘vertical gene flow’ (Arriola and Ellstrand 1996; Levin and Kerster 1974).
Gene transmission among kingdoms or distantly related species is known as ‘horizontal
gene flow’; however, horizontal gene flow is not common in plants (Gressel 2015).
Pollen from most plant species are dispersed by animals (zoophily), wind (anemophily),
and water (hydrophily). About 80% of the world’s flowering plants and more than three-
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quarters of staple food crops are animal-pollinated, whereas about 12% of flowering
plants (mostly conifers) are wind-pollinated (USDA-FS 2016). ‘Potential gene flow’
measures the deposition of pollen from a source to a certain distance, while ‘actual gene
flow’ refers to hybridization frequency as a function of distance from the source. Beckie
and Hall (2008) noted that it is more relevant to construct a model that predicts the actual
gene flow over the potential gene flow.
The evolution of herbicide-resistant weeds has become a great threat to modern
agriculture (Norsworthy et al. 2012). Jasieniuk et al. (1996) listed several crucial factors
behind the evolution of herbicide-resistant weeds, including gene mutation, the initial
frequency of resistant alleles, inheritance, fitness, and gene flow, and also mentioned that
the rate of gene flow is higher than the rate of mutation. The majority of herbicideresistant traits are nuclear-inherited, and therefore spread rapidly via pollen movement
(Jasieniuk et al. 1996; Mithila and Godar 2013; Rao 2000). Before and after the
commercialization of herbicide-resistant crops, several studies were conducted as part of
the risk assessment and environmental biosafety of landscape-level cultivation of
herbicide-resistant crops (Beckie et al. 2003; Messeguer et al. 2003; Schmidt et al. 2013);
however, limited scientific literature is available on PMGF from herbicide-resistant to susceptible weeds. For example, PMGF has been reported in only a few weed species,
including barnyardgrass (Echinochloa crus-galli), common lambsquarters (Chenopodium
album L.), kochia (Kochia scoparia [L.] Schrad.), Palmer amaranth (Amaranthus palmeri
S. Wats.), rigid ryegrass (Lolium rigidum Gaud.), weedy beet (Beta vulgaris L.), and wild
oat (Avena fatua L.) (Bagavathiannan and Norsworthy 2014; Busi et al. 2008; Fénart et
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al. 2007; Murray et al. 2002; Sosnoskie et al. 2012; Stallings et al. 1995; Yerka et al.
2012).
Common waterhemp (Amaranthus rudis Sauer), a C4 weed species, is a summer
annual weed species in the midwestern United States. It belongs to the genus Amaranthus
L., which includes several vegetable and weed species (USDA-NRCS 2016). Initially, the
genus Amaranthus was subdivided into two (more recently into three) subgenera,
Amaranthus and Acnida (L.) Aellen ex K. R. Robertson (Mosyakin and Robertson 1996;
Robertson 1981). Monoecious plants, including Powell amaranth (Amaranthus powellii
S. Wats.), redroot pigweed (Amaranthus retroflexus L.), smooth pigweed (Amaranthus
hybridus L.), and spiny amaranth (Amaranthus spinosus L.) were categorized into the
subg. Amaranthus, whereas the subg. Acnida L. consisted of mostly dioecious species,
including common waterhemp, Palmer amaranth, and tall waterhemp [Amaranthus
tuberculatus (Moq.) Sauer] (Chahal et al. 2015; Mosyakin and Robertson 1996). The
overlapping and constant hybridization between common- and tall waterhemp led to
similar morphological characteristics between these two species, causing a single
taxon/species continuum to be proposed for them (Costea et al. 2005; Pratt and Clark
2001). The invasion of common waterhemp in row crop production systems is one of the
most striking events facing agriculture in the midwestern United States (Steckel 2007).
Starting from the very first report in Oklahoma in 1830 (Sauer 1957), this mysterious
species has been continuously moving towards the northern and eastern part of the United
States, making its way from a rare wetland weed to a major agricultural problem weed
(Gressel 2009; Trucco et al. 2009). Over the last several years, common waterhemp has
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adapted to a wide range of climatic gradients and can be found from the arid regions of
Texas to the humid/semi-humid regions of Maine (Nordby et al. 2007).
The occurrence of glyphosate-resistant common waterhemp biotypes was first
reported in Missouri, and has now been confirmed in 18 states, including Nebraska (Heap
2016; Legleiter and Bradley 2008; Sarangi et al. 2015b). Its dioecy and anemophilous
nature are believed to promote the rapid transfer of herbicide-resistant traits among
populations via pollen migration (Liu et al. 2012; Steckel 2007; Sarangi et al. 2015a).
Unidirectional gene flow in common waterhemp has also helped this problem weed to
accumulate resistance alleles, meaning that it can accept herbicide-resistant genes from
other closely related Amaranthus species, but cannot (or can only to a very limited
extent) share any traits/genes with them (Franssen et al. 2001b; Gaines et al. 2012;
Gressel 2009; Trucco et al. 2005a; 2005b; Trucco et al. 2006; Trucco et al. 2007; Trucco
et al. 2009).
Herbicide resistance can play a significant role in quantifying gene flow in a plant
species (Mallory-Smith et al. 2015). Chandi et al. (2012) revealed that glyphosate
resistance in an Amaranthus biotype from North Carolina was an incompletely dominant,
nuclear-inherited trait; therefore, for an obligate outcrossing species such as common
waterhemp, this trait can be highly mobile. This study was conducted using a five-step
approach, (1) literature collection and hypothesis construction, (2) conducting field
experiments and seed collection, (3) resistance screening, (4) fitting statistical models,
and (5) predicting gene flow frequency. The null hypothesis for this study was ‘Gene
flow will not occur from glyphosate-resistant to -susceptible common waterhemp,’ which
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was unrealistic. The hypothesis was constructed to increase the likelihood of detection for
the minimum amount of gene flow and to reduce type II errors in the experiment
(Mallory-Smith et al. 2015). The objective of this study was to quantify the frequency of
pollen-mediated actual gene flow under field conditions in common waterhemp using
glyphosate resistance as a selective marker.
Materials and Methods
Plant Materials. The known glyphosate-resistant (GR) and -susceptible (GS) common
waterhemp biotypes used in this study were derived from two eastern Nebraska counties
(Lancaster County, and Clay County, respectively); and their sensitivity to glyphosate has
been evaluated earlier (Sarangi et al. 2015b).
Common waterhemp seedheads were cleaned thoroughly using a seed blower
(South Dakota Seed Blower, Seedburo Equipment Co., 1022 W. Jackson Blvd., Chicago,
IL). The seeds from both biotypes were germinated in the greenhouse using the procedure
described in Sarangi et al. (2015b). The seedlings were transplanted at the cotyledon
stage into 72-celled plastic germination trays containing potting mix (Berger BM1 AllPurpose Mix, Berger Peat Moss Ltd., Saint-Modeste, Quebec, Canada) and one seedling
per cell was maintained. Plants were kept in the greenhouse and maintained at a constant
28/24 C day/night temperature. Moreover, supplemental light was provided by metal
halide lamps at a light intensity of 600 μmol photon m−2 s−1 to maintain a 16-h
photoperiod. Plants were supplied with adequate water and nutrients (Miracle-Gro Water
Soluble All Purpose Plant Food, Scotts Miracle-Gro Products Inc., 14111 Scottslawn
Road, Marysville, OH 43041). The glyphosate-resistant and -susceptible common
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waterhemp plants were then transplanted into the field when the majority were 8-10 cm
tall.

Field Experiments. Field experiments were conducted in 2013 and 2014 at the
University of Nebraska-Lincoln, South Central Agricultural Laboratory (SCAL)
(40.58°N, 98.14°W) at Clay Center, NE. The soil texture at the experimental site was a
Crete silt loam (fine, montmorillonitic, mesic, Pachic Argiustolls) consisting of 17%
sand, 58% silt, 25% clay, 2.5% organic matter, and a pH of 6.5. The experimental field
was under a center-pivot irrigation system and was irrigated when needed. Starter
fertilizers were applied following the University of Nebraska-Lincoln’s recommendation
for soybean based on the soil test report (Shaver et al. 2014). Previous observations listed
common lambsquarters, common waterhemp, green foxtail (Setaria viridis (L.) Beauv.),
Palmer amaranth, and velvetleaf (Abutilon theophrasti Medicus) as the primary weed
species present at the experimental site. There was no report or suspicion of glyphosateresistance in any of these weed species. Field preparations were begun in mid-May by
implementing tillage using a tandem disk harrow followed by the application of microencapsulated acetochlor (Warrant®, 359 g ai L-1, Monsanto Company, 800 N. Lindbergh
Blvd., St. Louis, MO 63167) tank-mixed with glyphosate (Roundup PowerMax®, 540 g
ae L-1, Monsanto Company, 800 N. Lindbergh Blvd., St. Louis, MO 63167) to control the
early-season emergence of weeds, specifically Amaranthus sp. (Jhala et al. 2015; Refsell
and Hartzler 2009). The experimental area and its surroundings (up to 50 m) were either
hand-weeded or cultivated later in the season to keep the area free of any Amaranthus
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species or other weeds. The experiments were conducted under a non-crop situation and
there were no physical barriers to obstruct gene flow.
Field experiments were conducted using a concentric donor-receptor design (i.e.,
Nelder wheel) where the pollen donors were surrounded by the pollen receptors (Jhala et
al. 2011; Nelder 1962; Walsh et al. 2015). The common waterhemp biotype resistant to
glyphosate served as the pollen donors in this study and the GS biotype served as the
pollen receptor. The experimental area was 80 m × 80 m with a center circle for the
pollen-donor block (80 sq m; 10 m diam) (Figure 4.1). Approximately 550 GR common
waterhemp plants were transplanted to the pollen donor block in East-West and NorthSouth directions in a crisscross pattern with a 0.3 m plant-to-plant distance. The
transplanting was performed on June 5, 2013 and June 6, 2014 to simulate the typical
growing period of common waterhemp for maximum growth and seed production under
field conditions in the Midwest (Wu and Owen 2014).
The receptor area was divided into eight directional blocks (cardinal: N, S, E, and
W; ordinal: NE, SW, SE, and SW) and twelve plants of the GS biotype were transplanted
at each of the thirteen specific distances (0.1, 0.5, 1, 3, 4, 5, 10, 15, 20, 25, 35 m for all
cardinal and ordinal directions; and additional 45, 50 m only for the ordinal directions)
from the pollen-donor block (Figure 4.1). Twenty GS plants were transplanted inside the
pollen-donor area (0 m from the source) to simulate the worst case scenario where several
GS plants are surrounded by a dense population of the GR biotype. These plants were
marked carefully with flags and plastic tags for easier identification.
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Flowering Period and Seed Harvesting. Male common waterhemp plants were visually
detected prior to flowering and removed from the pollen-receptor blocks (including
plants at 0 m distance) to reduce pollen competition within the receptor blocks. Liu et al.
(2012) reported that common waterhemp plants can frequently be pollinated by the
localized pollen source, which may reduce the chances for long-distance gene flow. The
percentage of flowering plants was recorded at 5 d intervals for the pollen-donor and receptor blocks and the flowering synchrony was assessed for each direction using the
equation
1

𝐹𝑙𝑜𝑤𝑒𝑟𝑖𝑛𝑔 𝑠𝑦𝑛𝑐ℎ𝑟𝑜𝑛𝑦 (%) = 𝑛 ∑𝑛𝑖=1

𝐴𝑖 %
𝐵%

× 100

[1]

where, 𝑛 is the total number of distances in each direction, 𝐴𝑖 % is the percentage of
female flowering plants at the ith observation (distance) in the pollen-receptor blocks, and
𝐵 % is the percentage of plants shedding pollen in the pollen-donor area at that time. 𝐴 ≥
𝐵 means fully synchronized flowering (i.e. 100%) in the pollen receptor.
At maturity, the seedheads of four GS common waterhemp plants from each
distance and direction were hand-harvested, bagged, and separately labeled. Seedheads
were harvested when ≥ 75% seeds became dark-violet to black (Sosnoskie et al. 2012).
The seeds were cleaned thoroughly and stored separately in airtight polythene bags at 4 C
for 2 mo to overcome the limited seed dormancy for common waterhemp.

Meteorological Data. Hourly surface meteorological data were recorded by the Bowen
ratio energy balance systems (BREBS) stations of the Nebraska Water and Energy Flux
Measurement, Modeling, and Research Network (NEBFLUX) available at the South
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Central Agricultural Laboratory, Clay Center, NE (Irmak 2010). Wind frequency
(frequency of time during which the wind blows towards a certain direction), wind speed,
and wind run (calculated by multiplying the average wind speed by the wind frequency;
Schmidt et al. 2013) data were used for modeling PMGF, whereas other meteorological
data such as temperature, humidity, and precipitation were recorded due to their effect on
pollen viability and dispersal (Shivanna et al. 1991).

Resistance Screening. Greenhouse dose-response bioassays for the parent biotypes (GR
and GS, both) were conducted and the effective doses of glyphosate needed to provide
90% (ED90) and 50% injury (ED50) of the parent biotypes were determined using the drc
package in software R (R statistical software, R Foundation for Statistical Computing,
Vienna, Austria) (Knezevic et al. 2007; Sarangi et al. 2015b). The ED50 values for the GR
and GS biotypes were 1,790 and 263 g ae ha-1, respectively, whereas the ED90 values
were > 16,800 and 659 g ae ha-1, respectively (Figure 4.2).
The number of seeds produced by each plant was calculated by weighing
subsamples of 200 seeds from each plant (Sarangi et al. 2016). Seeds collected from
individual common waterhemp plants were germinated separately in the greenhouse and
evaluated for glyphosate resistance. Plastic trays (51 cm × 38 cm × 10 cm) containing
potting mix (described previously) were used for growing the plants. A maximum of 200
plants were allowed per tray to ensure sufficient glyphosate coverage on the leaf surface.
The putative hybrid plants were sprayed at an 8-10 cm height with 1.5× the
recommended rate of glyphosate (Touchdown HiTech®, Syngenta Crop Protection, LLC,
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P.O. Box 18300, Greensboro, NC 27419-8300), where 1× = 1,050 g ae ha-1. The
resistance screening was performed at the 1.5× rate (1,575 g ae ha-1) of glyphosate to
obtain more consistency in the response of common waterhemp plants to glyphosate, to
ensure the complete control of any susceptible plant present, and to assure the survival of
any GR plant (as the ED50 value for GR parent plants was higher than the 1.5× rate of
glyphosate). The number of seedlings surviving glyphosate treatment were recorded at 21
d after application and the frequency of the gene flow at each distance/direction was
calculated using the equation
𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑔𝑒𝑛𝑒 𝑓𝑙𝑜𝑤 =

# 𝑠𝑢𝑟𝑣𝑖𝑣𝑒𝑑 𝑝𝑙𝑎𝑛𝑡𝑠
# 𝑒𝑚𝑒𝑟𝑔𝑒𝑑 𝑝𝑙𝑎𝑛𝑡𝑠

[2]

Power Analysis. All statistical analysis were carried out in R statistical software
(described above). A power analysis reported by Jhala et al. (2011) using binomial
probabilities was performed to determine the minimum sample size required to accept an
outcome without losing the precision of the statistical tests (Zar 2010) (Equation 3).

𝛽 = 𝑃 (𝑍 <

𝑛=

=

𝑝0 −𝑝
𝑝𝑞
√
𝑛

𝑝0 𝑞0

− 𝑍𝛼 √

𝑝 𝑞
𝑝𝑞 (𝜙−1 (𝛽)+ 𝑍𝛼 √ 0 0 )

𝑝𝑞

)

2

𝑝𝑞

(𝑝0 −𝑝)2
2
𝑝0 (1− 𝑝0 )
]
(𝑝0 − ∆) (1− 𝑝0 + ∆)

(𝑝0 − ∆) (1− 𝑝0 + ∆) [𝜙−1 (𝛽)+ 𝑍𝛼 √
∆2

[3]

where 𝑛 is the minimum number of seedlings need to be screened; 𝑍 is the random
variable following N (0, 1); 𝑝0 is the null hypothesized frequency of gene flow; 𝑞0 = 1 −
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𝑝0 ; 𝑝 is the observed frequency of gene flow; 𝑞 = 1 − 𝑝; 𝑍𝛼 is the critical value at
significant level 𝛼; ∆ is the effect size, (𝑝0 − 𝑝); and 𝜙 −1 is the anti-function of normal
curve. Accepting the null hypothesis (H0) when it is false is called Type II error, whose
probability is 𝛽; therefore, the power (1 - 𝛽) is the probability of rejecting the H0
successfully when it is false (Cohen 1992). The 𝑝0 value for this study was established as
0.01 or 1%, which was reasonable for obligate outcrossing species such as common
waterhemp. Liu et al. (2012) also predicted frequency of gene flow of about 0.01 at 50 m
distance from the pollen source in common waterhemp.

Modeling PMGF. A novel statistical procedure was used in this study for modeling the
PMGF. Gene flow frequency usually declines rapidly with increasing distance from the
pollen source; this has been explained by the leptokurtic curve or by the high probability
distribution in the tail rather than by normal distribution (Endler 1977; Mallory-Smith et
al. 2015; Petrovskii et al. 2008). Additionally, exponential decay or negative exponential,
double exponential decay, and exponential power functions are commonly used to
generate gene flow curves and to predict the frequency of gene flow at different distances
(Bagavathiannan and Norsworthy 2014; Beckie and Hall 2008; Jhala et al. 2011; Liu et
al. 2012; Schmidt et al. 2013). Frequency of gene flow data from all distances and
directions from both years were subjected to nonlinear regression using Generalized
Nonlinear Models (gnm) in R (described above). Compared to the nonlinear least square
(nls) function (Pluess et al. 2009), gnm has three notable advantages: (i) responses are
allowed to distribute with variances that are a specified function of mean, (ii) responses
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with non-Gaussian distribution can be fitted, and (iii) it is more convenient way to
represent a model with a large number of parameters by symbolic model specification
(Turner and Firth 2015). Because of the two possible outcomes of resistance screening
(dead or living seedlings) in this study, the frequency of gene flow data followed the
binomial distribution. Unlike the Gaussian distribution, mean and variance are both
dependent on the underlying probability, pi , in binomial distribution.
The frequency of gene flow data from both years were described using the
exponential decay function in which the independent variables were distance from the
pollen source, direction of the pollen-receptor blocks, average wind speed, wind
frequency, and wind run. Therefore, 42 possible models were constructed, though few
non-convergence iterations were observed due to the complexity of the models (Van der
Elst et al. 2015).

Model Selection. The Akaike’s Information Criterion (AIC) was used for the model
comparison and selection of the best model using the equation (Anderson 2010)
𝐴𝐼𝐶 = −2𝐿𝐿 + 2𝐾

[4]

where, 𝐿𝐿 is the log-likelihood function for the models, and 𝐾 is the number of
parameters estimated. The model with the lowest AIC value was considered as the “top
model” or best candidate model tested (Collett 2003).

Top Model. A double exponential decay model (Equation 5) provided the best fit to the
data, where the frequency of gene flow varied with the distance from the pollen source,
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the direction of the pollen-receptor blocks, and year. Frequency of gene flow data at 0 m
was not included in the model because the 0 m data did not have any directions; however,
gene flow at 0 m was predicted (for eight directions and both years) from the final model
and compared with the observed frequency.
𝑙𝑜𝑔𝑖𝑡(𝑝𝑖 ) = 𝛽0 + exp[𝛽1 + 𝛾1 × 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒] + exp[𝛽2 (𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛: 𝑌𝑒𝑎𝑟) +
𝛾2 (𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛: 𝑌𝑒𝑎𝑟) × 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒]

[5]

where 𝑝𝑖 is frequency of gene flow of the ith observation; 𝛽0 is overall intercept; 𝛽1, and
𝛽2 are the intercepts for the first and second instances, respectively; and 𝛾1 , and 𝛾2 are
the decay rates where 𝛾1 > 𝛾2. Here, 𝛽2 and 𝛾2 vary with the direction, and the year.
In binomial distribution, probability (𝑝𝑖 ) is the function of the covariate 𝛾𝑖 𝑥𝑖 (𝑥 is
the distance from pollen source) that can take any real value. The 𝑝𝑖 should range
between 0 and 1 (0 ≤ 𝑝𝑖 ≤ 1). Therefore, it was important to transform the probability to
remove the range and floor restrictions. Logit, or log-odds were calculated using the
transformation methods described by Cramer (2003), whereas the back-transformed data
were presented:
𝑝

𝐿𝑜𝑔𝑖𝑡, 𝜂𝑖 = 𝑙𝑜𝑔𝑖𝑡(𝑝𝑖 ) = 𝑙𝑛 (1−𝑝𝑖 )
𝑖

𝑒 𝜂𝑖

𝐵𝑎𝑐𝑘 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛, 𝑝𝑖 = 𝑙𝑜𝑔𝑖𝑡 −1 (𝜂𝑖 ) = 1+𝑒 𝜂𝑖

[6]

The distance where the frequency of gene flow was reduced by 50% (O50) and
90% (O90) of the frequency predicted at 0 m, were estimated from the final model
(Equation 5).
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Model Goodness of Fit. The difference between observed and fitted values for the final
model was measured. Model goodness of fit was estimated by Pearson’s chi-squared
statistic using the equation (Rodríguez 2007)
𝜒 2 (𝑛−𝑘−1) = ∑𝑖

̂ 𝑖 )2
𝑛𝑖 (𝑦𝑖 −𝜇
(𝑛
̂ 𝑖 𝑖 −𝜇
̂𝑖)
𝜇

[7]

where the sum of the squared difference between 𝑦𝑖 (observed values) and 𝜇̂ 𝑖 (fitted
values for the ith group of observations) was divided by the variance of 𝑦𝑖 that was
𝜇𝑖 (𝑛𝑖 − 𝜇𝑖 )/𝑛𝑖 , and 𝜇𝑖 was estimated using 𝜇̂ 𝑖 ; and 𝑛𝑖 is the sample size for ith group. The
degree of freedom for Pearson’s chi-squared statistic was 𝑛 − 𝑘 − 1; where 𝑛 was the
total number of groups, and 𝑘 was the number of parameters.

Mechanism and Inheritance of Glyphosate Resistance:
Plant Materials and Genetic Populations. Common waterhemp individuals that
survived the glyphosate resistance screening procedure from the gene flow study were
considered as hybrids (GS × GR; i.e., F1 progeny). Thirty healthy individuals from these
F1 progeny were selected and transplanted into round plastic pots (20-cm diam and 30-cm
ht) containing a 3:1 mixture of soil:potting mix (described previously) and grown in the
greenhouses at the University of Nebraska-Lincoln. Transplanted individuals were again
sprayed at 790 g ae ha-1 (0.75× the recommended rate) of glyphosate (described
previously) to confirm resistance. Low-level plant injury (chlorosis, stunting, frequent
branching, etc.) was observed in less than 50% of the transplanted F1 individuals. No
mortality was observed, indicating that no susceptible individuals were present (ED90 for

86
GS biotype was 659 g ae ha-1; Figure 4.2). Ten F1 individuals were selected based on
their similarities in morphology and flowering initiation time and separated into two
groups (1 male and 4 females in each group) for open pollination in two isolated
greenhouses. Seeds were collected at maturity and designated as pseudo-F2, as the
dioecious nature of common waterhemp prohibits self-pollination of F1 plants to form
true-F2 progeny.
Seeds from the parent biotypes (GR and GS), and the open-pollinated pseudo-F2 were
germinated in 72-celled germination trays containing potting mix in the greenhouse.
Emerged seedlings were transplanted (at 2-cm height) into square plastic pots (10- × 10× 12- cm). A 50 mg sample of young meristematic leaf tissue was collected from each
individual (25 individuals each from the GR and GS biotypes, and 44 individuals from
the F2 progeny) and were immediately frozen in liquid nitrogen. Individuals were then
treated with glyphosate (at the rate of 1,575 g ae ha-1; 1.5x the recommended rate) to
compare the genomic EPSPS copy number data with the greenhouse visual control
ratings. Leaf tissue samples were also collected from 48 individuals (3 randomly selected
distances × 8 directions × 2 years from gene flow study) of the F1 progeny that survived
in the resistance screening process.

Sample Preparation. DNA extraction and analysis were performed in the Molecular
Weed Science Lab at Colorado State University. Leaf tissue samples were ground to a
fine powder using a Qiagen TissueLyser II (Qiagen Inc., Valencia, CA 91355) and a
metal bead for 1 min at 30 oscillations per second. Genomic DNA extraction was
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performed on the leaf tissue using the modified cetyltrimethylammonium bromide
(CTAB) method described by Doyle (1991). The concentration and purity of the DNA
was measured using a spectrophotometer (NanoDrop 2000 Spectrophotometer, Thermo
Fisher Scientific, Wilmington, DE 19810) and each sample was diluted to 10 ng μl-1.

EPSPS Genomic Copy Number. Sammons and Gaines (2014) described how the
overproduction of EPSPS by additional EPSPS gene copies resulted in glyphosate
resistance in Amaranthus species in most of the cases studied. Chatham et al. (2015a)
also reported EPSPS gene amplification in a common waterhemp biotype collected from
Dodge County, NE. Samples were tested for EPSPS gene copy number relative to a onecopy reference gene, CPS (which encodes the large subunit of carbamoylphosphate
synthase [EC 6.3.5.5] not associated with any known herbicide resistance) (Ma et al.
2013). An 81 base pair (bp) fragment of the EPSPS gene was amplified using the forward
primer EPSPS_FP1 (5’-GGTTGTGGTGGTCTGTTTCC-3’) and the reverse primer
EPSPS_RP1 (5’-CATCGCTGTTCCTGCATTTC-3’). The CPS forward and reverse
primers were as follows to amplify a 78 bp fragment: CPS_FP1 (5’ATTGATGCTGCCGAGGATAG-3’) and CPS_RP1 (5’GATGCCTCCCTTAGGTTGTTC-3’) (Ma et al. 2013).
For both CPS and EPSPS, genomic DNA templates (10 ng) were amplified in a
25-μL reaction volume containing forward and reverse primers (400 nM final
concentration) and Quanta 2X PerfeCTa qPCR SYBR Green FastMix (Quantabio,
Beverly, MA), using a real-time qPCR thermal cycler (Bio-Rad) protocol. The qPCR

88
reactions were heated to 95 C for 30 s, followed by 40 cycles of 30 s at 95 C and 30 s at
60 C. Real-time data for fluorescence of the asymmetrical cyanine dye SYBR Green were
recorded at the end of the amplification step in every cycle. A melt curve analysis of the
products was performed by heating the PCR products from 60 to 95 degrees in 0.5 C
increments for 5 seconds and reading fluorescence at every step. Melt curve profiles were
inspected to verify a single melting point, indicative of a single PCR product and lack of
non-specific products. As a secondary check of amplification specificity, a 5 μL aliquot
of the PCR product was run on 1% agarose gel to verify the presence of a single band
(Figure 4.9).
Relative quantification was conducted using the comparative cycle threshold (CT;
2−∆𝐶𝑇 ) methods described by Schmittgen and Livak (2008). Relative quantification of
EPSPS for each sample was calculated using the equation:
∆𝐶𝑇 = 𝐸𝑃𝑆𝑃𝑆_𝐶𝑇 − 𝐶𝑃𝑆_𝐶𝑇

[8]

Relative EPSPS copy number was expressed as 2−∆𝐶𝑇 . Each individual sample was run in
triplicate to calculate the average increase in EPSPS copy number and standard deviation.
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Results and Discussion
Flowering Synchrony. Flowering was initiated on July 1, 2013 and July 12, 2014, and
maximum flowering was observed approximately 2 wk after flower initiation (data not
shown). The GS common waterhemp plants ≥ 5 m away from the pollen-donor block
began flowering about 4 d after those in the pollen-donor block and in the proximity of
the pollen-source. It was believed that the common waterhemp plants in both the pollendonor block and the closer distances were growing in a higher density compared to the
plants at farthest distances that led to a gap of few days in the initiation of flowering
(Roux et al. 2006). The total flowering period lasted about 5 wk and 4 wk in 2013 and
2014, respectively. Therefore, flowering synchrony was ensured (data not shown).

Meteorological Data. The temperature during the early and late growing season was
slightly lower than during the rest of the period. Mean daily temperatures ranged from
17.0 C to 30.5 C during the flowering period in 2013 and in 2014 (Figure 4.3). The
interaction of distance × direction (of pollen-receptor blocks) was significant (P < 0.05)
in both years, meaning that the frequency of gene flow varied among different directions
for the same distance from the pollen source. It has been reported that the Amaranthus
species can shed pollen throughout the day and pollen viability in common waterhemp is
about 120 h (Bell and Tranel 2010; Liu et al. 2012; Rodríguez et al. 2000); therefore,
hourly wind data of 24 h were used in this study. Correlations (r) between frequency of
gene flow and wind parameters (wind speed, wind frequency, and wind run) were
estimated (Table 4.1). Wind parameters showed a significant correlation with frequency
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of gene flow; however, the correlation (r ≥ 0.29) was significant up to 15 m for the wind
speed and 25 m for wind run (Table 4.1). Correlation between wind parameters and
frequency of gene flow at the closer distances (within 5 m) were higher (≥ 0.48) than at
the farthest distances. No negative correlation was observed showing the effect of wind
on dispersal of the herbicide-resistant traits via PMGF.
Wind flow patterns were similar in 2013 and 2014, though the wind speed and
wind frequency differed. Wind during both years blew mostly from the south (S) and
southeast (SE) directions (Figure 4.4a and 4.4b). In 2014, the average wind speed (1.4 m
s-1) was lower than the average wind speed in 2013 (2.1 m s-1) during whole flowering
period. In 2014, most of the time the average hourly wind speed was < 2.0 m s-1 (Figure
4.5).

Modeling the Gene Flow and Prediction of Maximum Distances. Determining the
sample size a priori allows a researcher to reduce the sampling cost and time without
losing statistical precision to quantify gene flow (Jhala et al. 2011). More than 130,000
common waterhemp plants grown from the seeds collected during 2013 and 2014 were
screened to detect PMGF (Table 4.2 and 4.3). Plants from each distance were screened
until a minimum power of 0.95 (α = 0.05) was obtained, and a total of 26,199 plants with
glyphosate-resistant traits were identified in the greenhouse (Table 4.2 and 4.3). Because
common waterhemp is a dioecious species, a relatively higher PMGF was expected to
occur compared to other self-pollinating weed species such as barnyardgrass
(Bagavathiannan and Norsworthy 2014) and common lambsquarters (Yerka et al. 2012).
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Frequency of gene flow was highest at the closest distance (0.1 m) and declined
with increasing distance from the pollen source. Averaged across eight directions, gene
flow frequency was 0.54 and 0.38 at 0.1 m from the pollen source in 2013 and 2014,
respectively (Table 4.2 and 4.3). Average PMGF frequency was recorded ≤ 0.10 at
distance of ≥ 35 m. Though the localized pollen sources were removed from the pollenreceptor blocks, the frequency of gene flow in the closer distances was < 1.00. This might
be due to (i) the inheritance of gene amplification, the potential mechanism for
glyphosate resistance in common waterhemp, not following the predictable Mendelian
pattern (Gaines et al. 2012; Ribeiro et al. 2014); (ii) 5-7% of the GR plants used in this
study being susceptible and few heterozygous plants and it was expected, this population
might have few heterozygous plants; (iii) a naturally growing population of GS
Amaranthus species being able to pollinate these plants from a distant location.
The likelihood-ratio test suggested that frequency of gene flow was not similar
between different directional blocks of pollen receptors as well as between two years
(data not shown). The same test also showed that fitting a single model (Equation 5)
predicted PMGF better than the additional effects of fitting eight models for different
directions. The AIC-based model selection (Equation 4) showed that the direction of
pollen-receptor blocks predicted gene flow better than hourly measurements of the wind
parameters, and ∆AIC (difference in AIC between the top models) was at least 781.0.
Most of the available PMGF literature did not evaluate the effect of directions during the
modeling procedure, which may lead to over- or underestimation of gene flow frequency
in the field. In this study, it was observed that ∆AIC was high enough (>2,000.0 compared
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with the final model) to make a mistake in predicting gene flow without using direction
in the model (data not shown).
Gene flow in common waterhemp declined sharply following a double
exponential decay model (Equation 5) where the intercepts (𝛽2) and decay rates (𝛾2) for
the second instance changed with different directions and years (see coefficient
estimations in Table 4.4). Similarly, Bagavathiannan and Norsworthy (2014) reported
that PMGF in barnyardgrass followed a double exponential decay model under field
conditions. Moreover, Du et al. (2001) suggested that wind near the leeward edge of the
donor block is very weak and sometimes reverse; which resulted in maximum pollen
deposition occurring near the edge of the pollen-donor block and an exponential decrease
in pollen deposition with increasing distances. The exponential decay curves for different
directions and years suggest that the frequency of gene flow was different among them
(Figure 4.6 and 4.7). Pearson’s chi-square test showed the good fit of the model for all
directions and years, where null hypothesis (H0, observed and predicted frequency of
gene flow are same) cannot be rejected due to P-value ≥ 0.05 (data not shown).
The gene flow frequency found at the 0 m distance was 0.77 and 0.69 in 2013
(Figure 4.8a) and 2014 (Figure 4.8b), respectively; however, model-predicted frequencies
(at 0 m) in the N and NW directions were similar to the observed frequency at the 0 m
distance (Figure 4.8a). In 2014, the prediction from the N direction showed a similar
level of gene flow to the observed frequency at 0 m (Figure 4.8b). Sosnoskie et al. (2012)
reported that seed production in Palmer amaranth was higher at 5 m distance from the
pollen source, whereas it was non-significant in distant pollen-receptor blocks. In this
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study, the average number of seeds produced per plant at each distance and direction was
similar (P ≥ 0.05; data not shown), which might be due to severe hail damage in both
2013 and 2014, which resulted in seed loss from the female common waterhemp plants.
The predicted distances where gene flow declined by 50% (O50) ranged from 0.6
m to 2.4 m in 2013; and from 0.8 m to 1.6 m in 2014 (Table 4.5), depending on the
direction being investigated. The maximum distances at which 90% reduction (O90) in the
frequency of gene flow was predicted were 58.3 m in the S direction in 2013 and 87.6 m
in NW direction in 2014. The variability in gene flow increased with increasing distances
from the pollen source, and it was observed in the wide range of O90 values and their
confidence intervals compared to the O50 values. The PMGF in common waterhemp was
a bit overestimated in this study, as the male plants were removed from the pollenreceptor blocks to provide opportunity for maximum pollen deposition from the pollendonor (GR common waterhemp) block.
PMGF depends on the mating system and reproductive biology of the plant
species (Andersson and de Vicente 2010): for example, in highly outcrossing species
such as rigid ryegrass, long distance (up to 3 km) PMGF has been reported (Busi et al.
2008), whereas in self-pollinating species like barnyardgrass, the outcrossing percentage
was very low (< 5%), even at closer distances from the pollen source (Bagavathiannan
and Norsworthy 2014). Pollen biology and the surrounding environment play important
roles in PMGF. Long-distance pollen dispersal requires a longer pollen viability (Dafni
and Firmage 2000). Liu et al. (2012) reported that common waterhemp pollen can remain
viable for up to 120 h. The same study also reported that common waterhemp pollen can
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travel up to 800 m in the direction of the westerly wind during summer. In addition,
common waterhemp pollen grains are spherical-shaped with polypantoporate (pollen
grain with apertures spread over the surface in a regular pattern), and are very small in
diameter (18.45 μm), a formation believed to favor the long-distance dispersal of pollen
(Borsch 1998; Franssen et al. 2001a). Common waterhemp pollen’s roughened surface
creates a boundary layer of turbulence on the exterior, thus reducing the resistance when
the pollen travels in the air (Jorgensen 1999; Smits and Ogg 2004). Lower pollen settling
velocity of common waterhemp (0.0185 to 0.021 m s-1) in comparison with other major
wind-pollinated crops (e.g., corn, with a pollen settling velocity of 0.33 m s-1 and a
pollen-diameter of 90 to 100 μm), help pollen grains travel longer distances under pollencompetition in nature (Costea et al. 2005; Raynor et al. 1972). Several physical and
topographical factors affect PMGF along with the distance and wind parameters; these
factors include shape, size, and orientation of the pollen-donor and -receptor blocks; the
presence of vegetation between the source and the receptor; the presence of a physical
barrier; a slope or undulated landscape, etc. (Beckie et al. 2012). Therefore, future
research should focus on evaluating these factors to estimate PMGF in a large-scale or
landscape-level study.

Mechanism and Inheritance of Glyphosate Resistance. Relative copy number analysis
revealed that amplification of the EPSPS gene, and the resulting overexpression of the
EPSPS protein (Lorentz et al. 2014), is the mechanism of glyphosate resistance in the GR
parent biotype used in the PMGF study (Figure 4.10). The mean relative copy number in
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the GR biotype was recorded as 5.3 (± 2.2, standard deviation). Similarly, Chatham et al.
(2015a) reported that EPSPS gene amplification was the predominant resistance
mechanism in the common waterhemp biotypes collected from Illinois, Kansas, Missouri,
and Nebraska (not the same GR biotype used in this study). As expected, GS parent
biotype had, on average, one EPSPS gene copy (mean = 1.0 ± 0.2). Seeds of F1 progeny
(GS × GR) were directly taken from the field study (gene flow) and individuals survived
the glyphosate application were selected for genomic DNA analysis. Similar to the
glyphosate resistance mechanism in GR parent, EPSPS gene amplification was observed
in 92% of the surviving individuals in the F1 progeny (Figure 4.10). The threshold
relative copy number was considered as 1.4 to report the elevated EPSPS gene copy
number in this study (Chatham et al. 2015b). In the F1 progeny, 4 out of 48 individuals
surviving glyphosate application with a relative EPSPS gene copy number of < 1.4
suggest that an additional mechanism could contribute to glyphosate resistance in this
biotype. Chatham et al. (2015a) also reported about the presence of few GR individuals
lacking EPSPS gene amplification within common waterhemp biotypes collected from
the midwestern states. Nandula et al. (2013) reported both reduced glyphosate
translocation and Pro106Ser point mutation in the EPSPS gene as potential glyphosate
resistance mechanisms in a biotype of common waterhemp from Mississippi. It is
possible that the parent GR population used in this study included a small proportion of
individuals carrying additional, unknown mechanism(s) of resistance that were passed on
to the F1 progeny, though all the GR individuals selected randomly for genomic DNA
analysis showed an increase (> 1.4) in EPSPS gene copy number.
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EPSPS gene amplification was also observed in the pseudo-F2 population of
common waterhemp, with an average relative EPSPS gene copy number of 6.6 ± 2.6
(Figure 4.10). It can therefore be concluded that the EPSPS gene amplification is
heritable in common waterhemp and can be transferred via pollen movement under field
conditions. Gaines et al. (2010) also reported that an increased EPSPS gene copy number
in Palmer amaranth, a closely related species to common waterhemp, is heritable, and the
elevated EPSPS copy number positively correlates with EPSPS gene expression and
glyphosate resistance. The pseudo-F2 population of common waterhemp has segregated
for both relative EPSPS gene copy number and glyphosate resistance (Table 4.6). In both
the cases, F2 individuals did not segregate in the 3GR:1GS pattern that would be expected
for a single-locus segregation. Chi-square tests for goodness of fit show that the
segregation did not agree with the null hypothesis (Mendelian pattern of segregation for a
single gene or locus) (Table 4.6). Similarly, Gaines et al. (2011) reported that inheritance
of the EPSPS gene amplification in Palmer amaranth does not follow the predictable
Mendelian pattern, as a range of EPSPS copy numbers are inherited in that species. The
distribution of relative EPSPS gene copy number among GR, F1, and pseudo-F2
populations was similar (Figure 4.10). For the GR biotype, the maximum number of
individuals was observed near the median value (5.1) of relative EPSPS copy number,
whereas the outcrossing between GS and GR biotypes resulted in a greater number of
plants in F1 with a 2.0 to 4.0 EPSPS copy number.
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Combining EPSPS Gene Amplification with the PMGF Data Obtained from
Phenotypic Assessment. Mean relative EPSPS copy number (4.9 ± 2.2) from F1 progeny
were combined with the gene flow frequency data (Table 4.2 and 4.3) to predict an
average EPSPS gene copy number at any given distance from the pollen source. It was
assumed that all GS individuals had a similar EPSPS copy number (1.0 ± 0.2). A double
exponential decay model was selected based on the model selection procedure (AICbased; equation 4) (Figure 4.11). Average relative EPSPS gene copy number in progeny
from PMGF was predicted as 3.9 and 2.9 at the 0 and 0.1 m distances, respectively (data
not shown). The prediction plot (Figure 4.11) for the EPSPS gene amplification is
showing the mean relative copy number in the individuals (F1 progeny) sampled
randomly at a certain distance.
Mallory-Smith et al. (2015) outlined the step-by-step approach to conduct a
PMGF study under field conditions, and mentioned that screening of herbicide resistance
is an excellent marker; however, it must be supplemented with another molecular or
morphological marker to detect the hybridity. Estimation of EPSPS gene amplification
and frequency of gene flow provides strong evidence for pollen mediated transfer of
glyphosate resistance in common waterhemp. Here, the assessment of elevated EPSPS
copy number was mainly used to determine the mechanism of glyphosate-resistance and
to check the inheritance in subsequent progenies. However, this study also provides
evidence that EPSPS gene amplification can also be used as a molecular marker (instead
of screening herbicide resistance) to detect gene flow in several weed species (such as
Italian ryegrass [Lolium multiflorum Lam.], kochia [Kochia scoparia L.], Palmer
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amaranth, ripgut brome [Bromus diandrus Roth.], etc.), where increased EPSPS copy
number has been reported.

Implications of Pollen-Mediated Gene Flow in Glyphosate-Resistant Common
Waterhemp Management. Results from this study indicated that the glyphosateresistant traits in common waterhemp are highly mobile and their dispersal is possible via
pollen movement depending on the distance from the resistant plants, the wind speed, and
the wind direction. Therefore, the mobility of resistant alleles across farm enterprises
should be addressed for the effective management of this problem weed. Management
strategies widely adapted by growers are mostly focused on preventing or delaying the
resistance evolution over a small area, rather than preventing the large-scale movement of
herbicide-resistant traits (Harker and O’Donovan 2013; Norsworthy et al. 2012). Highly
mobile herbicide resistance between farms, however, provides less incentive for growers
to invest in preventative measures (Llewellyn and Allen 2006). Since the widespread
resistance of common waterhemp in the midwestern United States has left limited POST
herbicide options for growers to control this problem weed, different management
strategies should be used for long-term control of glyphosate-resistant common
waterhemp, especially strategies that consider the reproductive biology of the weed
species. If time and resources do not pose a limitation, field scouting in summer is
essential for identifying patches of resistant and escaped weeds. Control of small patches
of resistant weed species is necessary to prevent PMGF and the spread of resistance.
Before flowering, proper identification of male and female common waterhemp plants is
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also important. Male flower heads of common waterhemp are less dense compared to the
females. The florets of male flowers are also larger in size, with five tepals having green
and white stripes, while female florets are comparatively smaller with one or two short
tepals (Costea et al. 2005; Pratt et al. 1999). The gynoecium is also exposed in female
plants, which gives the florets a fuzzy appearance. The removal of female common
waterhemp plants, whether mechanically or physically before the seed set, is very
important, as this will reduce the chances of hybridization and the spreading of herbicide
resistance via seed dispersal. Rogued plants should be buried deep in the soil
(Norsworthy et al. 2012).
This is the first report describing PMGF from glyphosate-resistant to –susceptible
common waterhemp. The results of this study can address the rapid spread of the GR
common waterhemp in the midwestern and southern United States and can encourage the
re-evaluation of management strategies for this troublesome weed species. Modeling
approaches considered in this study to predict the PMGF can also be used for the risk
assessment of various transgenic traits in different commercial crops by conducting field
studies in a similar design. Being a small-seeded broadleaf species, seed-mediated gene
flow (SMGF) could play an important role in the dispersal of herbicide-resistant alleles in
common waterhemp. Common waterhemp seeds can also be dispersed by wind, water
streams, or by the movement of tillage implements. Contaminated crop seeds and manure
can also play an important role in seed dispersal. Thus, future research should also
evaluate the potential for SMGF in common waterhemp.
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Table 4.1. Pearson correlation coefficients (r) between wind parameters (wind speed, wind frequency, and wind run) and frequency of
gene flow at different distancesa,b.
Wind
parameters

Overall
gene flow

0.1

1

Distance from the pollen sourcec
5
15
25

________________________________________

Wind speed

r (Pearson)
df

Wind frequency

r (Pearson)
df

Wind run

r (Pearson)
df

m

35

50

________________________________________

0.29**

0.65**

0.58**

0.48**

0.29*

0.22

0.19

0.11

394

54

30

54

54

54

54

26

0.26**

0.57**

0.57**

0.52**

0.42**

0.46**

0.34**

0.40*

394

54

30

54

54

54

54

26

0.29**

0.65**

0.56**

0.51**

0.36**

0.35**

0.26

0.15

394

54

30

54

54

54

54

26

a

Pearson correlation coefficients were tested at two significance levels, P < 0.05 (*), and P <0.01 (**).
Abbreviations: df, degrees of freedom.
c
Gene flow at 50 m was from the four ordinal directions (NE, NW, SE, SW) in 2013 and 2014.
b
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Table 4.2. Pollen-mediated gene flow from glyphosate-resistant to -susceptible common waterhemp in a field experiment conducted at
Clay Center, NE in 2013.
Distance from
pollen-source
_______
m _______

Plants screeneda
_______

# _______

Plants with glyphosate Pollen-mediated
resistance trait
gene flowb
___________ ___________
#

Powerc,
(1- β); α = 0.05

0.1

10,281

5,562

0.54

> 0.95

0.5

8,115

3,506

0.43

> 0.95

1

6,711

3,349

0.50

> 0.95

5

5,390

2,032

0.38

> 0.95

15

5,987

1,509

0.25

> 0.95

25

10,006

630

0.06

> 0.95

35

10,498

661

0.06

> 0.95

50

10,968

526

0.05

> 0.95

Total

67,956

17,775

a

Total number of common waterhemp plants screened from all (eight) directions at a specific distance from the pollen source.
Average pollen-mediated gene flow percentage from all (eight) directions.
c
Value of power was calculated for a 95% confidence interval using Equation 3.
b
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Table 4.3. Pollen-mediated gene flow from glyphosate-resistant to -susceptible common waterhemp in a field experiment conducted at
Clay Center, NE in 2014.
Distance from
pollen-source
______
m ______

Plants screeneda
_______

# _______

Plants with glyphosate Pollen-mediated
resistance trait
gene flowb
___________ ___________
#

Powerc,
(1- β); α = 0.05

0.1

5,412

2,030

0.38

> 0.95

3

5,634

1,189

0.21

> 0.95

5

5,260

805

0.15

> 0.95

15

5,687

637

0.11

> 0.95

25

10,417

948

0.09

> 0.95

35

10,626

1,009

0.10

> 0.95

50

20,303

1,807

0.09

> 0.95

Total

63,339

8,424

a

Total number of plants screened from all (eight) directions at a specific distance from the pollen source.
Average pollen-mediated gene flow percentage from all (eight) directions.
c
Value of power was calculated for a 95% confidence interval using Equation 3.
b
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Table 4.4. Estimation of coefficients, standard error, and test of significance for the
double-exponential decay model (Equation 5)a for prediction of gene flow from
glyphosate-resistant common waterhemp under field conditions.
Coefficientsb
Estimate
Std. Error
z value
P-valuec
-3.49
0.11
-33.21
<2.0e-16**
𝛽0
0.32
0.04
8.18
<2.0e-16**
𝛽1
-1.25
0.12
-10.55
<2.0e-16**
𝛾1
0.48
0.10
4.62
3.9e-06**
𝛽2
-0.20
0.05
-3.65
<0.001**
𝛾2
0.95
0.10
9.61
<2.0e-16**
𝛽2 :Direction N
1.13
0.11
10.38
<2.0e-16**
𝛽2 :Direction NE
0.99
0.10
9.65
<2.0e-16**
𝛽2 :Direction NW
0.59
0.10
5.70
1.2e-08**
𝛽2 :Direction S
0.69
0.13
5.42
6.1e-08**
𝛽2 :Direction SE
-0.32
0.13
-2.41
0.02*
𝛽2 :Direction SW
0.98
0.12
8.18
<2.0e-16**
𝛽2 :Direction W
0.10
0.05
1.91
0.06
𝛾2 :Direction N
0.15
0.05
2.91
0.004**
𝛾2 :Direction NE
0.13
0.05
2.55
0.01*
𝛾2 :Direction NW
0.17
0.05
3.24
0.001**
𝛾2 :Direction S
-0.03
0.07
-0.51
0.61
𝛾2 :Direction SE
0.04
0.08
0.51
0.61
𝛾2 :Direction SW
0.06
0.05
1.10
0.27
𝛾2 :Direction W
0.13
0.06
2.08
0.04*
𝛽2 :Year 2
0.09
0.03
3.24
0.001**
𝛾2 :Year 2
-0.41
0.07
-5.66
1.5e-08**
𝛽2 :Direction N:Year 2
-0.67
0.08
-8.17
<2.0e-16**
𝛽2 :Direction NE:Year 2
-0.46
0.08
-6.02
1.8e-09**
𝛽2 :Direction NW:Year 2
-0.35
0.08
-4.37
1.2e-05**
𝛽2 :Direction S:Year 2
-0.52
0.11
-4.94
7.7e-07**
𝛽2 :Direction SE:Year 2
0.07
0.09
0.79
0.43
𝛽2 :Direction SW:Year 2
-0.67
0.10
-6.94
4.0e-12**
𝛽2 :Direction W:Year 2
-0.04
0.03
-1.57
0.12
𝛾2 :Direction N:Year 2
-0.07
0.03
-2.58
0.01*
𝛾2 :Direction NE:Year 2
-0.06
0.03
-2.20
0.03*
𝛾2 :Direction NW:Year 2
-0.09
0.03
-3.12
0.001**
𝛾2 :Direction S:Year 2
0.01
0.03
0.35
0.73
𝛾2 :Direction SE:Year 2
-0.01
0.04
-0.34
0.73
𝛾2 :Direction SW:Year 2
-0.02
0.03
-0.76
0.45
𝛾2 :Direction W:Year 2
a
𝑙𝑜𝑔𝑖𝑡(𝑝𝑖 ) = 𝛽0 + exp[𝛽1 + 𝛾1 × 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒] + exp[𝛽2 (𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛: 𝑌𝑒𝑎𝑟) + 𝛾2 (𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛: 𝑌𝑒𝑎𝑟) ×
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒] , where, 𝑝𝑖 is frequency of gene flow of the ith observation; 𝛽0 is the overall intercept; 𝛽1 , and
𝛽2 are the intercepts for the first and second instances, respectively; 𝛾1 , and 𝛾2 are the decay rates.
b
𝛽2 and 𝛾2 vary with the directions, and the years; therefore, in this table, 𝛽2 and 𝛾2 are showing the
intercept and decay rate, respectively, for one direction (East) in year 1 (2013). However, 𝛽2 :Direction, or
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𝛽2 :Year 2 are denoting the change (from East direction and year 1) in 𝛽2 for other directions and year 2
(2014), respectively. It is same for 𝛾2 .
c
P-values are showing the test of significance at P < 0.05 (*), and P <0.01 (**).

Table 4.5. Estimates of the distances where 50% (O50) and 90% (O90) reduction in frequency of gene flow occurred in 2013 and in
2014 and their respective confidence intervals from regression analysisa.
2013

2014

Directions
O50

CI

O90

CI

______________________________________________________________

O50
m

CI

O90

CI

_______________________________________________________________

N

2.1

1.8; 2.4

22.6

19.5; 26.3

1.6

1.2; 2.4

76.9

52.6; 129.9

NE

2.2

1.8; 2.9

47.8

41.2; 55.7

1.0

0.8; 1.4

74.5

45.6; 153.6

NW

2.4

2.0; 3.0

34.1

29.9; 39.0

1.4

1.0; 2.2

87.6

54.7; 175.0

S

1.4

1.2; 1.6

58.3

44.4; 76.6

1.1

0.8; 1.4

23.4

16.8; 35.6

SE

0.9

0.8; 1.0

10.0

7.3; 13.5

0.9

0.6; 1.3

15.1

9.3; 26.8

SW

0.6

0.5; 0.8

19.9

10.0; 35.2

0.8

0.6; 1.1

33.8

25.7; 48.0

E

0.8

0.7; 1.0

13.9

9.3; 19.9

1.2

0.8; 1.7

20.5

15.6; 28.2

W

1.2

1.1; 1.4

16.7

13.1; 21.1

0.9

0.7; 1.3

74.6

39.2; 202.1

a

O50 and O90 are the distances where 50% and 90% reduction in gene flow occurred; CI is the 95% confidence interval, which includes the
lower and upper values.
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Table 4.6. Chi-squarea analysis for the segregation in pseudo-F2 progeny of common
waterhemp based on the relative EPSPS gene copy number and phenotypic data.
21 d after glyphosate applicationb

EPSPS gene copy number
Progeny

Plants with
1.4 or more
copies (GR)

Plants
with one
copy (GS)

Total

χ2

Alive
(GR)

Dead
(GS)

Total

χ2

F2

41

2

43

9.49

39

5

44

4.36

Chi-square goodness of fit test (df = 1, α = 0.05) is to compare the observed segregation
in F2 progeny with expected Mendelian segregation for a single gene (3GR:1GS).
Calculated χ2 > 3.84 indicates that the observed segregation does not agree with the
expected segregation.
b
Glyphosate was applied at 1,575 g ae ha-1 and the plant survival data were recorded.
a
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Figure 4.1. Aerial view of the field experiment conducted to quantify pollen-mediated
gene flow from glyphosate-resistant to -susceptible common waterhemp at South Central
Agricultural Laboratory (SCAL), University of Nebraska-Lincoln, Clay Center, NE.
Glyphosate-resistant common waterhemp plants were transplanted in the pollen-donor
block of 10 m diam in the center of the field. The surrounding pollen-receptor area (80 m
× 80 m) was divided into eight directional blocks where glyphosate-susceptible common
waterhemp plants were transplanted. Common waterhemp seeds were harvested at
maturity from specific distances along the eight directional arms.
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Figure 4.2. Dose-response bioassay of glyphosate-resistant and -susceptible parent
biotypes used in this study. The visual control rating was taken at 21 d after glyphosate
application. The red dotted line denotes the 1× (= 1,050 g ae ha-1) glyphosate rate, while
the green dotted line denotes the 1.5× rate.
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Figure 4.3. Daily average air temperature (C) from May to October in 2013 and 2014
compared with the 30-year average (1983-2012) at the South Central Agricultural
Laboratory (SCAL), Clay Center, NE. Weather data for the 30-year average were
obtained from the High Plains Regional Climate Center (HPRCC:
http://www.hprcc.unl.edu). Red and green lines are showing the common waterhemp
flowering period during 2013 and 2014, respectively.
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(a)

(b)

Figure 4.4. Windrose plots showing the wind speed (m s-1) and wind frequency (%) in four cardinal (N, S, E, W) and four ordinal (NE,
NW, SE, SW) directions during the flowering time for common waterhemp in (a) 2013 and (b) 2014 at the experimental site at South
Central Agricultural Laboratory (SCAL), Clay Center, NE. The plot shows from which direction the wind was blowing in that
particular year.
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Figure 4.5. Frequency (in hours) of wind speed recorded at 1 hr intervals during the
flowering period for common waterhemp in the pollen-mediated gene flow experiment
conducted at South Central Agricultural Laboratory (SCAL), Clay Center, NE in 2013
and 2014.
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Figure 4.6. Pollen-mediated gene flow from glyphosate-resistant common waterhemp
affected by distance (m) from the pollen source in eight directions: (a) East, (b) West, (c)
North, (d) South, (e) Northeast, (f) Northwest, (g) Southeast, (h) Southwest in 2013.
Green shaded areas indicate the 95% confidence interval for prediction plots.
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Figure 4.7. Pollen-mediated gene flow from glyphosate-resistant common waterhemp
affected by distance (m) from the pollen source in eight directions: (a) East, (b) West, (c)
North, (d) South, (e) Northeast, (f) Northwest, (g) Southeast, (h) Southwest in 2014.
Green shaded areas indicate the 95% confidence interval for prediction plots.
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Figure 4.8. Observed and predicted (in different directions from Equation 5) frequency of
gene flow at 0 m distance from the pollen source in 2013 (a) and 2014 (b). The bars
above and below each data point indicate a 95% confidence interval.
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Figure 4.9. Gel electrophoresis of EPSPS and CPS PCR products. Single bands
correspond to the predicted amplicon length for two genes (81 bp, EPSPS and 78 bp,
CPS); L = GeneRulerTM 1 kb Plus DNA ladder, S = glyphosate-susceptible (GS), R =
glyphosate-resistant (GR), F1 = hybrid between GS × GR, F2 = pseudo-F2 from the cross
of the F1 individuals.
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Figure 4.10. Violin plots combining a boxplot and a kernel density plot to present the
distributions of relative EPSPS gene copy number in four populations (glyphosatesusceptible and -resistant parents, F1, and pseudo-F2). The white dot at the center of the
boxplot shows the median of the relative EPSPS gene copy number.
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Relative copy # = 1.29 + exp (-0.02-182.0x) + exp (0.5-0.1x)
x = Distance from the source

Figure 4.11. Prediction plot for relative EPSPS gene copy number in common waterhemp
affected by the distance (m) from pollen source. Mean relative EPSPS gene copy number
for all the individuals surviving the glyphosate application was determined as 4.9 ± 2.2;
whereas the relative EPSPS gene copy number for the dead individuals was determined
as 1.0± 0.2.
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CHAPTER 5

COMPARISON OF HERBICIDE PROGRAMS FOR SEASON-LONG CONTROL
OF GLYPHOSATE-RESISTANT COMMON WATERHEMP (Amaranthus rudis)
IN SOYBEAN
This chapter is under review: Sarangi D, Sandell LD, Kruger GR, Knezevic SZ, Irmak S,
Jhala AJ (2016). Comparison of herbicide programs for season-long control of
glyphosate-resistant common waterhemp (Amaranthus rudis) in soybean. Weed
Technology.
Abstract
The evolution of glyphosate and acetolactate synthase (ALS) inhibitor-resistant common
waterhemp in the midwestern United States has reduced the number of effective POST
herbicide options for management of this problem weed in glyphosate-tolerant soybean.
Moreover, common waterhemp emerges throughout the crop growing season, justifying
the need to evaluate herbicide programs that provide season-long control. The objectives
of this study were to compare POST-only and PRE followed by (fb) POST herbicide
programs for control of glyphosate-resistant common waterhemp in glyphosate-tolerant
soybean. Field experiments were conducted in 2013 and 2014 in Dodge County, NE, in a
field infested with glyphosate-resistant common waterhemp. Programs containing PRE
herbicides resulted in ≥ 83% control of common waterhemp and densities of ≤ 35 plants
m–2 at 21 d after PRE (DAPRE) herbicide application. POST-only herbicide programs
resulted in < 70% control and densities of 107 to 215 plants m–2 at 14 d after early-POST
(DAEPOST) treatment. PRE fb POST herbicide programs, including saflufenacil plus
imazethapyr plus dimethenamid-P, sulfentrazone plus cloransulam, or S-metolachlor plus
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metribuzin, fb fomesafen plus glyphosate; S-metolachlor plus fomesafen fb acifluorfen
plus glyphosate resulted in > 90% control of glyphosate-resistant common waterhemp
throughout the growing season, reduced density to ≤ 7 plants m–2, ≥ 94% biomass
reduction, and soybean yield > 2,200 kg ha–1. Averaged across herbicide programs,
common waterhemp control was 84%, density was 15 plants m–2, and 88% biomass
reduction with PRE fb POST herbicide programs compared with 42% control, density of
101 plants m–2, and 41% biomass reduction with POST-only herbicide programs at
harvest (except biomass data, which was taken at 28 d after late-POST). Results of this
study indicated that PRE fb POST herbicide programs with different modes of action
exist as an effective option for season-long control of glyphosate-resistant common
waterhemp in glyphosate-tolerant soybean.
Introduction
The United States is the leading soybean [Glycine max (L.) Merr.] producing and
exporting country in the world (USDA-ERS 2015), with production area of about 31
million ha in 2014 (USDA-ERS 2014). Adoption of transgenic soybean increased
dramatically with the commercialization of glyphosate-tolerant soybean in 1996
(Gianessi 2005), and by 2013 about 93% of soybean grown in the United States was
herbicide-tolerant, primarily glyphosate-tolerant (Fernandez-Cornejo et al. 2014).
Application flexibility and low-cost weed control using glyphosate played a key role in
the rapid adoption of glyphosate-tolerant crops in the United States and Canada (Beckie
2006; Carpenter and Gianessi 1999; Knezevic 2007).
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Widespread adoption of glyphosate-tolerant crops increased glyphosate
application and has reduced the use of soil-applied herbicides, thus reducing the cost of
weed control programs (Prince et al. 2012a; Young 2006). Consequently, glyphosate
became the most commonly used herbicide in agriculture worldwide (Dill et al. 2010;
Duke and Powles 2008).
The continuous use of glyphosate in glyphosate-tolerant crops for the past several
years has created outcomes that are not the once foreseen and intended by a purposeful
action of selection pressure on weed communities, resulting in the evolution of
glyphosate-resistant weeds (Owen and Zelaya 2005). Six weed species in Nebraska,
including common waterhemp, have been confirmed resistant to glyphosate (Jhala 2016;
Sarangi et al. 2015). Management of glyphosate-resistant weeds has become the greatest
challenge for Nebraska corn (Zea mays L.) and soybean growers (Ganie et al. 2016; Jhala
et al. 2014; Kaur et al. 2014).
Common waterhemp, a summer annual broadleaf weed, is a native to the northern
United States (Waselkov and Olsen 2014). It can thrive under a wide range of climatic
gradients and can be found from arid regions in Texas to humid/semi humid regions of
Maine (Costea et al. 2005; Nordby et al. 2007). Surveys conducted in the past few years
have listed common waterhemp as one of the most commonly encountered and
troublesome weeds in agricultural fields (Prince et al. 2012b; Rosenbaum and Bradley
2013). It is a highly competitive weed, causing significant economic damage to many
crops, including corn and soybean (Bensch et al. 2003; Steckel and Sprague 2004). In
Illinois, common waterhemp reduced soybean yield by 43% when allowed to compete up
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to 10 wk after soybean unifoliate expansion, with a density up to 362 plants m–2 (Hager et
al. 2002b).
In the midwestern United States, soybean growers are mostly relying on POST
herbicides in no-till systems to control troublesome weeds, including pigweed
(Amaranthaceae) species (Legleiter et al. 2009; Prince et al. 2012a; Soltani et al. 2009;).
Widespread resistance in common waterhemp against ALS-inhibiting herbicides and
glyphosate is compelling soybean growers to depend mostly on PPO-inhibiting
herbicides such as acifluorfen, fomesafen, or lactofen (Shoup et al. 2003; Shoup and AlKhatib 2004). Hartzler et al. (1999) reported that common waterhemp has an extended
period of emergence in the growing season compared to other summer annual weed
species, and Werle et al. (2014) considered this weed as a late-emerging species. So, the
PRE (soil-applied) herbicides may lose their residual activity later in the growing season;
therefore, the application of POST herbicide is necessary to control late-emerging
common waterhemp flushes (Hager et al. 2002a). Conversely, most POST herbicides
have limited or no residual activity, meaning that they can control common waterhemp
present at the time of herbicide application, but cannot control later emerging plants.
Additionally, herbicide selection, application rates, and weed height are important factors
to be considered for the effective control of common waterhemp with POST herbicide
programs (Chahal et al. 2015; Falk et al. 2006; Ganie et al. 2015; Hager et al. 2003).
Several PRE herbicides have been registered for weed control in soybean, and
several reports have confirmed excellent control of pigweeds with certain PRE
herbicides. For example, sulfentrazone applied PRE alone or tank-mixed with other
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residual herbicides such as S-metolachlor, chlorimuron, or cloransulam resulted in > 90%
control of common waterhemp up to 56 d after application (Hager et al. 2002a; Krausz
and Young 2003). Legleiter et al. (2009) reported that alachlor, flumioxazin, Smetolachlor plus metribuzin, or sulfentrazone followed by (fb) POST application of
lactofen or acifluorfen provided ≥ 85% control of glyphosate-resistant common
waterhemp at 90 d after PRE (DAPRE). Similarly, a study conducted in Virginia showed
that PRE applications of flumioxazin plus chlorimuron, and saflufenacil plus imazethapyr
resulted in ≥ 89% control of glyphosate-resistant Palmer amaranth (Amaranthus palmeri
S. Wats), a species closely related to common waterhemp, at 2 wk after herbicide
application (Ahmed and Holshouser 2012).
Limited scientific literature is available for comparison of POST-only programs
with PRE fb POST programs for controlling glyphosate-resistant common waterhemp in
glyphosate-tolerant soybean. Moreover, this information would be beneficial for soybean
growers in developing season-long effective plans for controlling glyphosate-resistant
common waterhemp. The objectives of this study were to compare POST-only herbicide
programs with PRE fb POST programs to control glyphosate-resistant common
waterhemp and to evaluate their effect on soybean injury and yield. We hypothesized that
PRE fb POST herbicide programs would provide better control of glyphosate-resistant
common waterhemp and higher soybean yield compared to POST-only programs.
Materials and Methods
Site Description. Field experiments were conducted in Dodge County, NE (41.47ºN,
96.46ºW) in 2013 and 2014 in a grower’s field infested with glyphosate-resistant
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common waterhemp. The site was selected for having a uniform density of > 300
common waterhemp plants m–2. The field had been under glyphosate-tolerant corn or
soybean production system with reliance on glyphosate for weed control for at least 8 yr.
Greenhouse dose-response studies confirmed that the level of glyphosate-resistance in the
biotype collected from the experimental site was 24-fold compared to a known
glyphosate-susceptible common waterhemp biotype (Sarangi et al. 2015). The soil at the
experiment site was clay with a pH of 6.7, 29% sand, 30% silt, 41% clay, and 4% organic
matter. Glyphosate-tolerant soybean (Cv. “Pioneer 93Y12”) was planted into a
conventionally tilled seedbed at 346,000 seeds ha–1 in rows spaced 76.2 cm apart.
Soybean planting was delayed (June 11) in 2013 due to adverse weather conditions for
planting in May, though it was timely (May 20) in 2014. The plots were 3 m wide and 9
m long. The experimental site was under rainfed/dryland environment with no
supplemental irrigation. Fertilizer applications were made based on soil test
recommendations. During both years, precipitation was adequate to activate the residual
herbicides applied in this study (Table 5.1).
Field experiments were arranged in a randomized complete block design with
each treatment replicated four times. The herbicide programs evaluated to control
glyphosate-resistant common waterhemp consisted of early-POST fb late-POST (i.e.
POST-only) and PRE fb POST herbicide programs (Table 5.2). A nontreated control was
included for comparison. Herbicides were applied with a hand-held CO2-pressurized
backpack sprayer equipped with AIXR 110015 flat fan nozzles (TeeJet® Technologies,
Spraying Systems Co., P.O. Box 7900, Wheaton, IL 60187) calibrated to deliver 140 L
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ha–1 at 276 kPa at a constant speed of 4.8 km h–1. PRE herbicides were applied on the day
of or day following soybean planting, whereas early-POST (E-POST) herbicides were
applied at 21 DAPRE, when common waterhemp was 8- to 12-cm-tall and soybean was
at the V2 to V3 stage. Late-POST (L-POST) herbicide applications were made 14 d after
E-POST (DAEPOST) applications, when common waterhemp plants were 15- to 20-cmtall and soybean was at the V4 to V5 stage.

Data Collection. Common waterhemp control were assessed visually at 21 DAPRE, 14
DAEPOST, 14 d after late POST (DALPOST), 28 DALPOST, and at soybean harvest on
a scale of 0 to 100%, with 0% meaning no control of common waterhemp and 100%
meaning complete control. Common waterhemp densities were recorded at 21 DAPRE,
14 DAEPOST, 14 DALPOST, 28 DALPOST, and at soybean harvest by counting the
number of common waterhemp plants in two 0.25 m2 quadrats placed randomly between
the center two soybean rows in each plot and are presented as number of plants m–2. At
28 DALPOST, common waterhemp plants surviving herbicide treatments were cut at the
soil surface from two randomly selected 0.25 m2 quadrats per plot and oven-dried at 65 C
until they reached a constant weight. Aboveground dry biomass was recorded and
converted into percent biomass reduction compared to the nontreated control (Wortman
2014) as



% biomass reduction   C  B  / C  100




[1]

where 𝐶̅ is the mean biomass of four nontreated control plot replicates, and B is the
biomass of an individual treated plot. Soybean injury data were taken at 14 DAPRE, 7
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DAEPOST, 7 DALOPST, and 28 DALPOST on a scale of 0 to 100%, with 0% meaning
no soybean injury and 100% meaning death of the soybean plants. Soybeans were
harvested from the center two rows in each plot by using a plot combine, and grain yield
was adjusted to 13% moisture content.

Statistical Analysis. Data were subjected to ANOVA using the PROC GLIMMIX
procedure in SAS version 9.3 (SAS®, SAS Institute Inc., 100 SAS Campus Drive, Cary,
NC 27513-2414). Years (experimental runs) and treatments were considered fixed
effects, whereas blocks (nested within year) were considered random effects in the
model. Data were tested for normality with the use of PROC UNIVARIATE. Visual
control estimates, percent biomass reduction, and soybean injury data were arcsine
square-root transformed before analysis; however, back-transformed data are presented
with mean separation based on transformed data. Individual treatment means were
separated at the 5% level of significance using Fisher’s protected LSD test. To determine
relative treatment efficacy for common waterhemp control, density, biomass reduction,
and soybean yield; a priori orthogonal contrasts (single degree of freedom contrasts)
were performed.
Results and Discussion
Year-by-treatment interactions for glyphosate-resistant common waterhemp control,
density, and biomass were not significant; therefore data were combined across two
years.
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Common Waterhemp Control. PRE herbicide programs provided ≥ 83% control of
glyphosate-resistant common waterhemp at 21 d after PRE (DAPRE), indicating the
importance of early season control of using residual PRE herbicides (Table 5.3). Among
PRE herbicides, sulfentrazone-based tank-mixtures, pyroxasulfone alone or tank-mixed
with flumioxazin, S-metolachlor plus fomesafen/metribuzin, and saflufenacil plus
imazethapyr plus dimethenamid-P provided 94 to 97% control at 21 DAPRE. Several
studies reported application of PRE herbicides as one of the most effective methods for
early-season control of common waterhemp; for example, Johnson et al. (2012) reported
that the PRE application of sulfentrazone tank-mixed with cloransulam or imazethapyr,
S-metolachlor plus fomesafen provided 96 to 99% control of common waterhemp at 27 d
after planting. Aulakh and Jhala (2015) reported that the application of PRE herbicides
resulted in ≥ 92% control of common waterhemp at 15 DAPRE. Similarly, Meyer et al.
(2015) reported that PRE herbicide programs provided at least 95% control of common
waterhemp at 3 to 4 wk after herbicide application.
Due to decline in residual activity of pyroxasulfone applied alone or tank-mixed
with flumioxazin, common waterhemp control reduced to ≤ 86% at 14 d after early POST
(DAEPOST) (Table 5.3). Similarly, Knezevic et al. (2009) reported that pyroxasulfone
applied at 152 g ai ha–1 provided 90% control of tall waterhemp (Amaranthus
tuberculatus Moq.) at 28 d after treatment (DAT), though higher rates (≥ 198 g ai ha–1)
were needed to achieve the same level of control at 45 and 65 DAT. The POST-only
herbicide programs resulted in ≤ 70% control at 14 DAEPOST, which was lower than
PRE fb POST herbicide programs (≥ 83%), except for S-metolachlor or pendimethalin

135
plus metribuzin fb fomesafen plus glyphosate, which resulted in < 80% control (Table
5.3). Averaged across PRE fb POST herbicide programs, control declined to 87% at 14
DAEPOST compared to 93% at 21 DAPRE due to the reduced residual activity of soilapplied PRE herbicides and new emergence of common waterhemp plants (Table 5.3 and
5.4).
The POST-only herbicide programs resulted in < 82% control of glyphosateresistant common waterhemp compared to up to 97% control with PRE fb POST
programs at 14 d after late POST (DALPOST) (Table 5.3). Relatively lower control of
common waterhemp in POST herbicide program can be attributed to the larger plant size
at the time of herbicide applications and lower herbicide coverage due to dense
population, especially L-POST herbicides were applied when average plant height was
15- to 20-cm and density >100 plants m-2 in POST-only herbicide programs. Similarly,
Hager et al. (2003) reported that common waterhemp control was dependent on the
height of the plants; therefore, L-POST herbicide applications with acifluorfen,
fomesafen, or lactofen showed ≤ 86% control of common waterhemp, whereas control
was up to 91% at 21 DAT with E-POST applications. The PPO-inhibitors are contact
herbicides that require adequate spray coverage to provide optimum weed control,
especially in dense foliage (Anonymous 2012; Creech et al. 2015). At 14 DALPOST,
control of glyphosate-resistant common waterhemp was ≥ 94% with several PRE fb
POST herbicide programs (Table 5.3). Similarly, Patton (2013) reported that the
application of sulfentrazone-based PRE herbicides fb POST application of fomesafen and
glyphosate, saflufenacil fb fomesafen plus glyphosate, S-metolachlor plus metribuzin fb
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fomesafen plus glyphosate provided ≥ 98% control of common waterhemp throughout
the growing season. Owen et al. (2010) also reported that the application of saflufenacil
plus imazethapyr fb glyphosate provided 96 and 91% control of common waterhemp at
3- and 7-wk after POST herbicide application, respectively.
Later in the season (at soybean harvest), control of glyphosate-resistant common
waterhemp showed trends similar to earlier observations. Averaged across herbicide
programs, control was 84% with PRE fb POST herbicide programs compared with 42%
control under POST-only herbicide programs (Table 5.3). Results of this study showed
that control of glyphosate-resistant common waterhemp was consistently higher with
PRE fb POST herbicide programs compared to the POST-only programs (Figure 5.1).
Similar results were reported by Johnson et al. (2012), Legleiter et al. (2009), and
Schuster and Smeda (2007), where PRE fb POST herbicide programs resulted in higher
control of common waterhemp compared to POST-only programs.

Common Waterhemp Density and Biomass. The results of common waterhemp control
were reflected in common waterhemp density and biomass (Table 5.4). Application of
PRE herbicides reduced common waterhemp density to ≤ 35 plants m–2compared with >
300 plants m–2 in the nontreated control and POST-only herbicide programs at 21
DAPRE. At 14 DAEPOST, nontreated control had the highest number of common
waterhemp plants (242 m–2), which was comparable with the sequential glyphosate
treatments (215 plants m–2), indicating glyphosate-resistant common waterhemp at the
experimental site. Averaged across the PRE fb POST herbicide programs, common
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waterhemp density increased (13 plants m–2) at 14 DAEPOST compared to 6 plants m–2
at 21 DAPRE; mainly due to reduction in residual activity of soil-applied PRE herbicides
and the continuous new emergence of common waterhemp (Table 5.4). At 14
DALPOST, POST-only treatments of imazethapyr plus fomesafen plus glyphosate plus
acetochlor fb lactofen plus glyphosate reduced common waterhemp density to 30 plants
m–2, which was comparable to several PRE fb POST herbicide programs, including
saflufenacil plus imazethapyr, S-metolachlor, or pendimethalin plus metribuzin fb
fomesafen plus glyphosate (Table 5.4). The residual activity of micro-encapsulated
acetochlor tank-mixed with other herbicides in POST herbicide programs can suppress
common waterhemp emergence later in the growing season (Jhala et al. 2015). Similarly,
Cahoon et al. (2015) and Sarangi et al. (2013) reported that micro-encapsulated
acetochlor applied alone or tank-mixed with other residual herbicides showed > 90%
control of common waterhemp and Palmer amaranth; reducing plant density
significantly.
The precipitation in early August during 2013 and 2014 (Table 5.1) triggered the
late-emergence of common waterhemp that resulted in higher density at harvest (Table
5.4). Hartzler et al. (1999) reported that common waterhemp emergence can be enhanced
after substantial amounts of rainfall. At harvest, lower common waterhemp densities (≤
12 plants m–2) were observed with herbicide programs including saflufenacil plus
imazethapyr plus dimethenamid-P fb fomesafen plus glyphosate, sulfentrazone plus
cloransulam fb fomesafen plus glyphosate, S-metolachlor plus fomesafen fb acifluorfen
plus glyphosate, flumioxazin plus pyroxasulfone fb fomesafen plus glyphosate, and S-
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metolachlor plus metribuzin fb fomesafen plus glyphosate (Table 5.4). Legleiter et al.
(2009) also reported that PRE fb POST herbicide programs reduced common waterhemp
density up to 1 plant m–2 at 8 wk after POST herbicide treatments. Common waterhemp
biomass followed the same trend as common waterhemp control and density (Table 5.4).
The contrast analysis suggested that PRE fb POST herbicide programs provided 88%
reduction in common waterhemp biomass compared with 41% reduction with POST-only
programs. Results of common waterhemp density and biomass revealed that PRE fb
POST herbicide programs reduced common waterhemp density and biomass significantly
compared to the POST-only programs.

Soybean Injury and Yield. Soybean injury at 14 DAPRE and at 7 DAEPOST was
minimal (< 6%); therefore, injury at 7 DALPOST is presented (Table 5.5). The latePOST application of lactofen plus glyphosate resulted in 24% injury at 7 DALPOST
compared with 15% and ≤ 6% injury when glyphosate was tank-mixed with acifluorfen
or fomesafen, respectively. However, soybean plants were resilient enough to overcome
injury at 28 DALPOST (data not shown). POST-application of PPO inhibitors during hot
and humid weather may cause soybean injury at 7- to 14-d after herbicide treatments
(Sarangi and Jhala 2015). Several other studies reported similar level of soybean injury
due to POST application of PPO inhibitors, but without affecting soybean yield (Legleiter
and Bradley 2008; Patton 2013; Riley and Bradley 2014).
Year-by-treatment interaction was significant for soybean yield; therefore, data
from 2013 and 2014 were analyzed separately (Table 5.5). The difference in soybean
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yield might be due to the substantial amount of rainfall (> 150 mm) received during
August and September in 2014, which resulted in water stagnant conditions for several
days that affected soybean growth and eventually yield (Table 5.1). Saflufenacil plus
imazethapyr plus dimethenamid-P fb fomesafen plus glyphosate resulted in 2,559- and
2,404- kg ha–1 soybean yield in 2013 and 2014, respectively, which was comparable to
soybean yield obtained in herbicide programs including sulfentrazone plus cloransulam
fb fomesafen plus glyphosate, S-metolachlor plus fomesafen fb acifluorfen plus
glyphosate, S-metolachlor plus metribuzin fb fomesafen plus glyphosate (Table 5.5).
Similarly, Legleiter et al. (2009) reported the highest soybean yield (≥ 3,100 kg ha–1)
with S-metolachlor plus metribuzin fb lactofen/acifluorfen plus glyphosate compared to
other PRE fb POST and POST-only herbicide programs.
Averaged across PRE fb POST herbicide programs, soybean yield was ≥ 1,974 kg
ha–1, whereas yield was ≤ 1,537 kg ha–1 under POST-only herbicide programs. Results of
this study indicate that early-season common waterhemp control using PRE residual
herbicides is important to avoid soybean yield reduction. Though common waterhemp
can emerge throughout the crop growing season, it is essential to control weed species
effectively during the critical period of weed control (CPWC) in soybean; which starts
from the first trifoliate stage (Knezevic et al. 2003; Meyer et al. 2015). In a previous
study conducted in Illinois, Hager et al. (2002b) reported that removal of common
waterhemp no later than 2 wk after soybean unifoliate leaf expansion is extremely
important in preventing yield reduction.
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Practical Implications. Results of this study indicated that few PRE fb POST herbicide
programs evaluated in this study resulted in > 90% season-long common waterhemp
control, significant reduction in density and biomass, and higher soybean yields. In fact,
averaged across programs, PRE fb POST programs provided > 80% control throughout
the growing season compared to POST-only programs (< 65%). Effective control of
glyphosate-resistant common waterhemp means less seed production per unit area, which
reduces the weed seed bank (Buhler and Hartzler 2001; Legleiter et al. 2009). The
application of soil-residual herbicides applied PRE is essential for providing early-season
control of common waterhemp. PRE applications of very-long-chain fatty acid-inhibiting
herbicides, including acetochlor, S-metolachlor, or pyroxasulfone are effective initially
(25 to 35 DAT) for controlling common waterhemp depending upon environmental
conditions; however, POST herbicide applications following PRE may be necessary to
obtain season-long control of common waterhemp. The results from this study revealed
that depending only on POST herbicides would not provide economically acceptable
control of common waterhemp despite it would include herbicides with multiple modes
of action; so, application of the residual PRE herbicide is very important. In fact, few
PRE herbicides are registered in soybean in recent years, which are basically premixtures of existing herbicides, but can provide effective control of common waterhemp.
Weed management programs relying on herbicide(s) with the same mode-ofaction increase the likelihood of evolving resistance (Norsworthy et al. 2012; Wrubel and
Gressel 1994); therefore, it is important to select programs that include herbicides
belonging to different modes-of-action to minimize selection pressure of a single
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herbicide or herbicides with the similar mode-of-action. The evolution of multiple
herbicide-resistant weeds has reduced the number of POST herbicide options for soybean
growers. In fact, a common waterhemp biotype in Illinois was confirmed resistant to ALS
inhibitors, glyphosate, PPO inhibitors, and triazine herbicides, leaving no POST herbicide
option for glyphosate-tolerant soybean growers (Bell et al. 2013). Soybean cultivars
tolerant to 2,4-D or dicamba will be commercialized in near future and will provide
soybean growers with additional POST herbicide options for controlling glyphosateresistant and hard-to-control weeds (Chahal et al. 2015; Craigmyle et al. 2013a, 2013b;
Soltani et al. 2015; Spaunhorst et al. 2014). Management strategies for glyphosateresistant common waterhemp must include long-term integrated strategies such as crop
rotation, rotational use of herbicide-tolerant crop technologies, residual herbicides, and
the use of herbicides with different modes-of-action.
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Table 5.1. Monthly mean air temperature and total precipitation during the 2013 and
2014 growing seasons and 30 yr average at Fremont, NE.a
Mean temperature
Month

2013

2014

___________________

Total precipitation
30 yr
average

C ___________________

2013

2014

_____________________

30 yr
average

mm _____________________

March

0.1

1.1

4.1

47.5

10.7

43.7

April

7.0

10.3

10.9

120.0

51.8

77.5

May

15.5

16.6

17.2

171.5

120.0

105.2

June

21.6

22.2

22.6

83.8

317.8

125.0

July

23.8

22.0

24.7

14.2

18.8

85.1

August

23.7

23.2

23.4

73.2

154.2

87.4

September

20.9

17.7

18.7

23.9

153.4

77.5

October

11.2

12.6

11.8

145.5

66.0

55.6

Annual

9.4

9.3

10.7

734.6

961.6

752.1

a

Mean air temperature and total precipitation data were obtained from NOAA, National Oceanic and
Atmospheric Administration (2015).

Table 5.2. Details of herbicide treatments, application timing, and rates used for control of glyphosate-resistant common waterhemp in
soybean in field experiments conducted in Nebraska in 2013 and 2014.a, b
Herbicide

Trade name

Application
timing

Rate
___

Glyphosate fb
Glyphosate
Imazethapyr + Glyphosate fb
Glyphosate
Imazethapyr + Glyphosate +
Acetochlor fb Glyphosate
Imazethapyr + Fomesafen +
Glyphosate + Acetochlor fb
Glyphosate
Imazethapyr + Fomesafen +
Glyphosate + Acetochlor fb
Lactofen + Glyphosate
Flumioxazin + Chlorimuron fb
Fomesafen + Glyphosate
Saflufenacil + Imazethapyr fb
Fomesafen + Glyphosate
Saflufenacil + Imazethapyr +
Dimethenamid-P fb
Fomesafen + Glyphosate
Sulfentrazone + Imazethapyr fb
Fomesafen + Glyphosate
Sulfentrazone + Chlorimuron fb
Fomesafen + Glyphosate
Sulfentrazone + Cloransulam fb
Fomesafen + Glyphosate
Chlorimuron + Thifensulfuron +
Flumioxazin fb
Fomesafen + Glyphosate
S-metolachlor fb

g ae or ai ha
1,730
870
910
870
910 + 1,680
870
910 + 1,380 +
1,680
870
910 + 1,380 +
1,680
220 + 870

Roundup PowerMax fb
Roundup PowerMax
Extreme fb
Roundup PowerMax
Extreme + Warrant fb
Roundup PowerMax
Extreme + Flexstar GT+
Warrant fb
Roundup PowerMax
Extreme + Flexstar GT+
Warrant fb
Cobra + Roundup
PowerMax
Valor XLT fb
Flexstar GT
Optill fb
Flexstar GT
Optill + Outlook fb
Flexstar GT

Early POST fb
Late POST
Early POST fb
Late POST
Early POST fb
Late POST
Early POST fb
Late POST

PRE fb
Late POST
PRE fb
Late POST
PRE fb
Late POST

113
1380
95
1,380
95 + 525
1,380

Authority Assist fb
Flexstar GT
Authority XL fb
Flexstar GT
Sonic fb
Flexstar GT
Enlite fb
Flexstar GT

PRE fb
Late POST
PRE fb
Late POST
PRE fb
Late POST
PRE fb
Late POST

420
1,380
392
1380
392
1380
94
1,380

Dual II Magnum fb

PRE fb

1,420

Early POST fb
Late POST

Manufacturer
–1 ___

Monsanto Company, St. Louis, MO 63167
Monsanto Co.
BASF Corp, Research Triangle Park, NC 27709
Monsanto Co.
BASF Corp. + Monsanto Co.
Monsanto Co.
BASF Corp. + Syngenta Crop Protection, Inc.,
Greensboro, NC 27419 + Monsanto Co.
Monsanto Co.
BASF Corp. + Syngenta Crop Protec., Inc. +
Monsanto Co.
Valent U.S.A. Corporation, Walnut Creek, CA
94596 + Monsanto Co.
Valent U.S.A. Corp.
Syngenta Crop Protec., Inc.
BASF Corp.
Syngenta Crop Protec., Inc.
BASF Corp. + BASF Corp.
Syngenta Crop Protec., Inc.
FMC Corporation, Philadelphia, PA 19103
Syngenta Crop Protec., Inc.
FMC Corp.
Syngenta Crop Protec., Inc.
Dow AgroSciences LLC, Indianapolis, IN 46268
Syngenta Crop Protec., Inc.
E. I. du Pont de Nemours and Company,
Wilmington, DE 19898
Syngenta Crop Protec., Inc.
Syngenta Crop Protec., Inc.
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Fomesafen + Glyphosate

Flexstar GT

Late POST

1,380

S-metolachlor + Fomesafen fb
Acifluorfen + Glyphosate

Prefix fb
Ultra Blazer + Roundup
PowerMax

PRE fb
Late POST

1,480
560 + 870

Flumioxazin + Pyroxasulfone fb
Fomesafen + Glyphosate
Pyroxasulfone fb
Fomesafen + Glyphosate
S-metolachlor + Metribuzin fb
Fomesafen + Glyphosate
Pendimethalin + Metribuzin fb
Fomesafen + Glyphosate

Fierce fb
Flexstar GT
Zidua fb
Flexstar GT
Boundary fb
Flexstar GT
Prowl H2O + Sencor fb
Flexstar GT

PRE fb
Late POST
PRE fb
Late POST
PRE fb
Late POST
PRE fb
Late POST

200
1,380
208
1,380
2,050
1380
1,920 + 420
1380

Syngenta Crop Protec., Inc.
Syngenta Crop Protec., Inc.
United Phosphorus, Inc. King of Prussia, PA
19406 +
Monsanto Co.
Valent U.S.A. Corp.
Syngenta Crop Protec., Inc.
BASF Corp.
Syngenta Crop Protec., Inc.
Syngenta Crop Protec., Inc.
Syngenta Crop Protec., Inc.
BASF Corp. + Bayer CropScience LP, Research
Triangle Park, NC 27709
Syngenta Crop Protec., Inc.

a

Abbreviations: fb, followed by;
AMS, ammonium sulfate (DSM Chemicals North America Inc., Augusta, GA) was mixed at 2.5% wt/v; COC, crop oil concentrate (Agridex, Helena Chemical
Co., Collierville, TN) was mixed at 1% v/v; NIS, nonionic surfactant (Induce, Helena Chemical Co., Collierville, TN) was mixed at 0.25% v/v, to the respective
herbicides following the herbicide labels.
b
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Table 5.3. Control of glyphosate-resistant common waterhemp in glyphosate-resistant soybean at 21 DAPRE, 14 DAEPOST, 14
DALPOST, and at harvest in field experiments conducted in Dodge County, NE in 2013 and 2014.a
Herbicide

Application
timing

Common waterhemp control b,c
Rate
21 DAPRE
___ g

Glyphosate fb
Glyphosate
Imazethapyr + Glyphosate fb
Glyphosate
Imazethapyr + Glyphosate + Acetochlor fb
Glyphosate
Imazethapyr + Fomesafen + Glyphosate +
Acetochlor fb
Glyphosate
Imazethapyr + Fomesafen + Glyphosate +
Acetochlor fb
Lactofen + Glyphosate
Flumioxazin + Chlorimuron fb
Fomesafen + Glyphosate
Saflufenacil + Imazethapyr fb
Fomesafen + Glyphosate
Saflufenacil + Imazethapyr + Dimethenamid-P fb
Fomesafen + Glyphosate
Sulfentrazone + Imazethapyr fb
Fomesafen + Glyphosate
Sulfentrazone + Chlorimuron fb
Fomesafen + Glyphosate
Sulfentrazone + Cloransulam fb
Fomesafen + Glyphosate
Chlorimuron + Thifensulfuron + Flumioxazin fb
Fomesafen + Glyphosate
S-metolachlor fb
Fomesafen + Glyphosate

Early POST fb
Late POST
Early POST fb
Late POST
Early POST fb
Late POST

ae or ai ha–1 ___

1,730
870
910
870
910 + 1,680
870
910 + 1,380 +
Early POST fb
1,680
Late POST
870
910 + 1,380 +
Early POST fb
1,680
Late POST
220 + 870
PRE fb
113
Late POST
1,380
PRE fb
95
Late POST
1,380
PRE fb
95 + 525
Late POST
1,380
PRE fb
420
Late POST
1,380
PRE fb
392
Late POST
1,380
PRE fb
392
Late POST
1,380
PRE fb
94
Late POST
1,380
PRE fb
1,420
Late POST
1,380

14
14
At harvest
DAEPOST DALPOST

__________________________ % _________________________

0

26 i

56 g

23 i

0

56 h

59 g

37 h

0

69 fg

61 f

42 gh

0

70 fg

60 g

49 fg

0

64 gh

82 e

59 f

92 bcd

85 cd

90 bcd

83 cd

91 cd

87 bcd

89 cde

84 bcd

97 a

93 ab

97 a

96 a

97 a

94 a

90 bcd

83 cd

95 abc

91 abc

94 abc

86 bc

96 ab

94 a

95 ab

91 ab

88 de

83 de

86 de

72 e

83 e

66 g

72 f

61 f
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S-metolachlor + Fomesafen fb
Acifluorfen + Glyphosate
Flumioxazin + Pyroxasulfone fb
Fomesafen + Glyphosate
Pyroxasulfone fb
Fomesafen + Glyphosate
S-metolachlor + Metribuzin fb
Fomesafen + Glyphosate
Pendimethalin + Metribuzin fb
Fomesafen + Glyphosate
P-Value

PRE fb
Late POST
PRE fb
Late POST
PRE fb
Late POST
PRE fb
Late POST
PRE fb
Late POST

1,480
560 + 870
200
1,380
208
1,380
2,050
1,380
1,920 + 420
1,380

96 ab

93 ab

97 a

96 a

94 abc

86 cd

90 bcd

88 bc

95 abc

83 de

88 de

83 cd

97 a

94 a

96 a

91 ab

92 bcd

77 ef

86 de

75 de

<0.0001

<0.0001

<0.0001

<0.0001

Contrasts d
POST-only vs. PRE fb POST
Glyphosate vs. other POST-only

0 vs. 93 * 57 vs. 87 * 64 vs. 90 * 42 vs. 84 *
____

26 vs. 65 * 56 vs. 66 * 23 vs. 47 *

a

Abbreviations: DAEPOST, days after early postemergence treatment; DALPOST, days after late postemergence treatment; DAPRE, days after preemergence
treatment; fb, followed by.
b
Data were arc-sine square-root transformed before analysis; however, back-transformed original mean values are presented based on the interpretation from the
transformed data.
c
Means presented within each column with no common letter(s) are significantly different according to Fisher’s Protected LSD where α = 0.05.
d
a priori orthogonal contrasts; * = Significant (P < 0.05)
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Table 5.4. Effect of herbicide programs on glyphosate-resistant common waterhemp density at 21 DAPRE, 14 DAEPOST, 14
DALPOST, and at harvest, and on biomass reduction in in glyphosate-resistant soybean in field experiments conducted in Dodge
County, NE in 2013 and 2014. a

Herbicide

Application
timing

Common waterhemp density b

Rate
___

Nontreated Control

–––––––

Glyphosate fb
Glyphosate
Imazethapyr + Glyphosate fb
Glyphosate
Imazethapyr + Glyphosate + Acetochlor fb
Glyphosate
Imazethapyr + Fomesafen + Glyphosate +
Acetochlor fb
Glyphosate
Imazethapyr + Fomesafen + Glyphosate +
Acetochlor fb
Lactofen + Glyphosate
Flumioxazin + Chlorimuron fb
Fomesafen + Glyphosate
Saflufenacil + Imazethapyr fb
Fomesafen + Glyphosate
Saflufenacil + Imazethapyr + Dimethenamid-P fb
Fomesafen + Glyphosate
Sulfentrazone + Imazethapyr fb
Fomesafen + Glyphosate
Sulfentrazone + Chlorimuron fb
Fomesafen + Glyphosate

Early POST fb
Late POST
Early POST fb
Late POST
Early POST fb
Late POST

g ae or ai ha–1 ___

–––––––

1,730
870
910
870
910 + 1,680
870
910 + 1,380 +
Early POST fb
1,680
Late POST
870
910 + 1,380 +
Early POST fb
1,680
Late POST
220 + 870
PRE fb
113
Late POST
1,380
PRE fb
95
Late POST
1,380
PRE fb
95 + 525
Late POST
1,380
PRE fb
420
Late POST
1,380
PRE fb
392
Late POST
1,380

Biomass
b,c
14
14
reduction
21 DAPRE
At harvest
DAEPOST DALPOST
____________________
#plants m–2____________________ _____ % _____
307 b

242 a

186 a

162 a

0

391 a

215 a

107 b

135 b

22 k

313 b

147 b

100 b

118 c

38 ij

333 ab

116 bc

100 b

93 d

35 j

335 ab

107 c

100 b

80 e

50 hi

323 b

133 bc

30 c

79 e

61 gh

7c

17 de

13 def

19 fg

90 bc

6c

11 de

19 cde

16 ghi

86 cd

1c

4e

2f

2j

98 a

1c

2e

12 def

22 fg

94 ab

2c

2e

4f

20 fg

90 bc
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Sulfentrazone + Cloransulam fb
Fomesafen + Glyphosate
Chlorimuron + Thifensulfuron + Flumioxazin fb
Fomesafen + Glyphosate
S-metolachlor fb
Fomesafen + Glyphosate
S-metolachlor + Fomesafen fb
Acifluorfen + Glyphosate
Flumioxazin + Pyroxasulfone fb
Fomesafen + Glyphosate
Pyroxasulfone fb
Fomesafen + Glyphosate
S-metolachlor + Metribuzin fb
Fomesafen + Glyphosate
Pendimethalin + Metribuzin fb
Fomesafen + Glyphosate
P-Value

PRE fb
Late POST
PRE fb
Late POST
PRE fb
Late POST
PRE fb
Late POST
PRE fb
Late POST
PRE fb
Late POST
PRE fb
Late POST
PRE fb
Late POST

392
1,380
94
1,380
1,420
1,380
1,480
560 + 870
200
1,380
208
1,380
2,050
1,380
1,920 + 420
1,380

1c

2e

6 ef

6 ij

94 ab

10 c

27 de

13 def

20 fg

74 ef

35 c

37 d

34 c

29 f

65 fg

1c

3e

2f

2j

97 a

2c

21 de

8 def

12 ghij

90 bc

6c

17 de

13 def

18 fgh

88 bcd

1c

5e

3f

7 hij

97 a

9c

26 de

21 cd

21 fg

81 de

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

Contrasts d
POST-only vs. PRE fb POST
Glyphosate vs. other POST-only

339 vs. 6 *
____

144 vs. 13
101 vs. 15
87 vs. 12 *
41 vs. 88 *
*
*
215 vs. 126 107 vs. 83 135 vs. 93
22 vs. 46 *
*
*
*

a

Abbreviations: DAEPOST, days after early postemergence treatment; DALPOST, days after late postemergence treatment; DAPRE, days after preemergence
treatment; fb, followed by.
b
Means presented within each column with no common letter(s) are significantly different according to Fisher’s Protected LSD where α = 0.05.
c
Data were arc-sine square-root transformed before analysis; however, back-transformed original mean values are presented based on the interpretation from the
transformed data.
d
a priori orthogonal contrasts; * = Significant (P < 0.05)
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Table 5.5. Effect of herbicide programs on soybean injury and yield in field experiments conducted in Dodge County, NE in 2013 and
2014. a
Herbicide

Application
timing

Soybean
injury b,c

Rate
___

g ae or ai ha
___

Nontreated Control
––––
Glyphosate fb
Early POST fb
Glyphosate
Late POST
Imazethapyr + Glyphosate fb
Early POST fb
Glyphosate
Late POST
Imazethapyr + Glyphosate + Acetochlor fb
Early POST fb
Glyphosate
Late POST
Imazethapyr + Fomesafen + Glyphosate + Acetochlor
Early POST fb
fb
Late POST
Glyphosate
Imazethapyr + Fomesafen + Glyphosate + Acetochlor
Early POST fb
fb
Late POST
Lactofen + Glyphosate
Flumioxazin + Chlorimuron fb
PRE fb
Fomesafen + Glyphosate
Late POST
Saflufenacil + Imazethapyr fb
PRE fb
Fomesafen + Glyphosate
Late POST
Saflufenacil + Imazethapyr + Dimethenamid-P fb
PRE fb
Fomesafen + Glyphosate
Late POST
Sulfentrazone + Imazethapyr fb
PRE fb
Fomesafen + Glyphosate
Late POST
Sulfentrazone + Chlorimuron fb
PRE fb
Fomesafen + Glyphosate
Late POST
Sulfentrazone + Cloransulam fb
PRE fb
Fomesafen + Glyphosate
Late POST
Chlorimuron + Thifensulfuron + Flumioxazin fb
PRE fb
Fomesafen + Glyphosate
Late POST

––––
1,730
870
910
870
910 + 1,680
870
910 + 1,380 +
1,680
870
910 + 1,380 +
1,680
220 + 870
113
1,380
95
1,380
95 + 525
1,380
420
1,380
392
1,380
392
1,380
94
1,380

–1

____

% ____

Soybean yield b,d
2013
________

2014
kg ha–1 ________

0

926 g

852 i

0d

1,289 fg

879 i

0d

1,403 ef

966 i

0d

1,687 de

1,077 hi

0d

1,649 def

985 i

24 a

1,655 def

1,334 gh

3 cd

1,993 cd

1,938 cde

2 cd

2,034 bcd

1,910 cde

3 cd

2,559 a

2,404 a

4 cd

1,898 d

1,870 de

5c

1,927 d

1,978 cde

3 cd

2,335 abc

2,235 abc

4 cd

1,717 de

1,736 ef
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S-metolachlor fb
Fomesafen + Glyphosate
S-metolachlor + Fomesafen fb
Acifluorfen + Glyphosate
Flumioxazin + Pyroxasulfone fb
Fomesafen + Glyphosate
Pyroxasulfone fb
Fomesafen + Glyphosate
S-metolachlor + Metribuzin fb
Fomesafen + Glyphosate
Pendimethalin + Metribuzin fb
Fomesafen + Glyphosate

PRE fb
Late POST
PRE fb
Late POST
PRE fb
Late POST
PRE fb
Late POST
PRE fb
Late POST
PRE fb
Late POST

1,420
1,380
1,480
560 + 870
200
1,380
208
1,380
2,050
1,380
1,920 + 420
1,380

6c

1,684 def

1,431 fg

15 b

2,584 a

2,345 ab

6c

1,885 d

2,014 bcde

5c

1,890 d

1,796 e

3 cd

2,430 ab

2,201 abcd

6c

1,759 de

1,798 e

<0.0001

<0.0001

P-Value
Contrasts e
POST-only vs. PRE fb POST

____

Glyphosate vs. other POST-only

____

1,537 vs. 2,053 1,048 vs. 1,974
*
*
1,289 vs. 1,599 879 vs. 1,091
NS
NS

a

Abbreviations: DAEPOST, days after early postemergence treatment; DALPOST, days after late postemergence treatment; DAPRE, days after preemergence
treatment; fb, followed by.
b
Means presented within each column with no common letter(s) are significantly different according to Fisher’s Protected LSD where α = 0.05.
c
Data were arc-sine square-root transformed before analysis; however, back-transformed original mean values are presented based on the interpretation from the
transformed data.
d
Year-by-treatment interaction was significant for soybean yield; therefore, data from both the years were not combined.
e
a priori orthogonal contrasts; * = Significant (P < 0.05); NS, non-significant.

156

(a)

Nontreated control

(b)

(c)

Imazethapyr + fomesafen + glyphosate +
acetochlor fb lactofen + glyphosate

Saflufenacil + imazethapyr + Dimethenamid-P
fb fomesafen + glyphosate

Figure 5.1. Comparison of herbicide programs [(a) nontreated control or check, (b) POST-only, and (c) PRE followed by POST] at 14
d after Late POST application to control glyphosate-resistant common waterhemp in glyphosate-tolerant soybean in a field
experiments conducted in Dodge County, NE.
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